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The mineralogy of alpine-type peridotites and the compositions of 
their pyroxenes are diagnostic of the temperatures and pressures of their 
formation. The subsolidus phase relations of plagioclase-lherzolites, 
spinel-lherzolites, pyroxene granulites, aridgites, and garnet-websterites 
in the system CaO-Na 20-MgO-A1 203-5i0 2 have been studied experimentally. 
The stability fields of these mineral assemblages and the variations in 
the compositions of their clinopyroxenes with temperature and pressure have 
been used to interpret the mineralogical structure of the upper mantle and 
to estimate the conditions of formation of some well known alpine-type 
peridotites and nodules in basaltic tuffs. 
The depth of the plagioclase-lherzolite to spinel-lherzolite transition 
in the upper mantle is independent of the geothermal gradient and dependent 
on compositional variations. This depth may increase from 24 to 26 
kilometers in sodium-poor compositions to 30 kilometers in sodium-rich 
compositions. Similarly, the depth of the pyroxene granulite to garnet 
granulite transition is independent of the geothermal gradient and 
dependent on compositional variations. This depth may decrease from 
42 kilometers in iron-poor compositions to 36 kilometers in normal iron-
bearing basic compositions. 
The compositions of clinopyroxenes contained in metamorphosed ultra-
basic rocks can be used to estimate the temperatures and pressures of 
metamorphism. 
The compositions of clinopyroxenes in alpine-type peridotites which 
may have formed by concentration of maf ic minerals from a basaltic or 
andesitic liquid at depth reveal solidus temperatures of crystallization 
as well as subsolidus temperatures of partial re-equilibration. 
The composition of each clinopyroxene of 'orogenic root zone' spinel 
peridotites and their associated maf ic mineral assemblages often indicate 
a wide range of temperatures and pressures rather than one unique temperature 
and pressures This is indicative of a rapid rate of cooling from high 
temperatures prohibiting re-equilibration of the clinopyroxene at all stages 
during the subsolidus cooling history. The wide range of temperatures 
and pressures indicated reinforce the hypothesis that these peridotites 
and their associated mafic mineral assemblages formed by adiabatic. uplift 
of mantle material, partial fusion, and emplacement at high temperatures 
into cooler crustal rocks. These temperatures and pressures probably 
describe the cooling history of the rock rather than the geothermal 
gradient. This contrasts with clinopyroxenes in garnet peridotites of 
Caledonian age which appear to have equilibrated along a geothermal gradient 
prior to emplacement in the crust. 
Reasonable estimates of the upper mantle paleogeotherm are unlikely 
to be made from clinopyroxenes from spinel-lherzolite intrusions or nodules 
which have had a cognate relationship to their host basalt or basaltic tuff. 
Paleogeothermal estimates can only be made from clinopyroxenes in garnet-
websterites and four phase basic and ultrabasic assemblages which have 
equilibrated along a geotherm. 
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HAPT1P 1 
INTRODUCTION 
1.1 Experimental investigation of the petrogenesis of alpine-type 
peridotites and related rocks 
Ultramafic rocks located in orogenic belts have often been considered 
collectively as alpine-type, although they include a wide variety of 
mineral parageneses which have had a wide variety of origins and histories. 
The fact that they all occur in orogenic belts is one of the fundamental 
elements that they all have in common. The diversity of current opinions 
on the origins and histories of emplacement of alpine-type neridotites and 
their associated mineral assemblages is probably the product of real 
petrogenetic differences rather than disagreement over a common origin. 
Central to many of the debates has been the relationships between the 
mineral parageneses, the mineral and chemical constitution of the upper 
mantle, the mode of emplacement, and the thermal, and tectonic conditions 
of orogenesis. Wyllie (1970) explored some of these relationships in a 
synopsis of work done by many investigators on a wide variety of alpine—type 
peridotites found the world over and he outlined at least seven distinct 
petrogenetic hypotheses. 
Four of these hypotheses which will be considered in the course of 
this study are: 
formation of some alpine-type peridotites by concentration of mafic 
minerals from a basaltic or andesitic liquid. 
formation of some alpine-type peridotites by metamorphic reconstitution 
of pre-existing ultramafic rocks of cumulate origin. 
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3. 	formation of some alpine-type peridotites by partial fusion and 
recrystallization at depth of an aluminous peridotite mantle during 
an orogenic episode. 
4. 	formation of some alpine-type peridotites by intrusion of solid 
mantle material which was equilibrated along a normal geotherm prior 
to emplacement into the crust. 
The first hypothesis was developed in order to explain the petrogenesis 
of the Lizard, Mount Albert, and Tinaquillo peridotites (Green, 1964, 1967) 
and the New Zealand peridotites (Challis, 1965 a, b, 1969). The mafic 
minerals may have been concentrated by gravity differentiation from a. 
basaltic or andesitic liquid in the mantle or lower crust and reintruded 
as a hot body or crystal mush to higher crustal levels. Metamorphic aureoles 
enveloping these peridotites testify to the high temperatures of intrusion. 
The second hypothesis has been suggested by Challis (1965a, b), 
O'Hara (1967b), and Osborn (1969). The spinel peridotite at Scourie has 
been described by O'Hara (1961,. .1965) as an ultramafic assemblage which has 
been reworked during an episode of granulite facies metamorphism. The 
original ultramafic assemblage of a metamorphosed peridotite may have been 
similar to those of the Stillwater, Great Dyke, and Bushveld intrusions, 
which are found in non-orogenic areas. Original cumulate textures and 
mineralogies of these intrusions may be strongly changed during a period 
of metamorphic reconstitution. 
The third hypothesis has been advanced by Boudier (1972), Boudier and 
Nicolas (1972), Menzies (1973), and Menzies and Allen (1974) to explain the 
petrogenesis of the plagioclase-lherzolites and their associated gabbroic 
lenticles found in Greece, Cyprus, and northern Italy. Menzies and Allen 
(1974) have concluded that these basic and ultrabasic rocks belong to the 
ophiolite suite of rocks which may be representatives of an old oceanic 
Pq 
crust formed along an oceanic ridge axis. The gabbroic lenticles contained 
within the peridotites have been interpreted as the partial fusion products 
of the mantle peridotite which coalesced as lenses and crystallized in Situ. 
The spinel-lherzolites and associated mafic garnet-clinopyroxenites and 
garnet-websterites from Morocco have been interpreted by Kornprobst (1969) 
as a hot mantle diapir which has been intruded into an orogenic root zone. 
The mafic layers of garnet-clinopyroxenite and garnet-websterite contained 
within the peridotite represent the partial fusion products of the peridotite 
which were trapped and allowed to crystallize at depth. Similar alpine-type 
spinel peridotites and their associated mafic layers are the Etang de Lherz 
body (Lacroix, 1900, 1917; Conquéré, 1971), the Totalp serpentinized 
peridotite (Peters, 1963, 1968), and the Ronda massif (Dickey, 1970). All 
of the plagioclase- and spinel-lherzolite bodies and their associated mafic 
assemblages of western Europe and Morocco are of Late Mesozoic to Early 
Cenozoic age. 
The fourth hypothesis has been developed to explain the origins of 
the eclogite-bearing garnet-lherzolite alpine-type peridotites which can be 
found in the Caledonian Basal Gneiss region of western Norway. The bodies 
have been interpreted as being relatively cool slices of upper mantle 
material which were tectonically emplaced within the crust (O'Hara and 
Mercy, 1963; Lappin, 1966; Carswell, 1968a, b, 1973, 1974; O'Hara et al., 
1971). Carswell (1974) has suggested that these rocks were probably 
equilibrated along a normal subcontinental geotherin prior to emplacement. 
These kinds of alpine-type peridotites are restricted to orogenic belts of 
Caledonian age or Caledonian basement which has been uplifted and exposed by 
later Hercynian or Alpine orogenic events (O'Hara, 1967b). 
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All four of these hypothesis have been generated by the investigators 
from structural and stratigraphic field observations, petrographic and 
chemical data, and a limited amount of experimental information. Because 
all of the alpine-type peridotites have been totally solid at some stage 
in their evolutionary history, a detailed knowledge of the subsolidus phase 
relationships of the constituent minerals can provide valuable information 
on at least part of their origins and crustal emplacement history. 
O'Hara and Mercy (1963) proposed that the garnet peridotites found in 
Norway may have been formed under similar high pressure conditions to those 
of eclogites. They suggested that the Pyrénéan spinel peridotites may have 
crystallized at considerably lower pressures and that many layered 
intrusions, containing olivine and plagioclase cumulates may have 
crystallized at the low pressure conditions of the pyroxene horiifels facies. 
Green and Ringwood (1963) developed a hypothetical mantle composition 
(pyrolite I), the mineralogy of which is controlled by the temperature and 
pressure of equilibration. They proposed that plagioclase is the low pressure 
aluminous phase, spinel the intermediate pressure phase, and garnet the 
high pressure aluminous phase of peridotites modelled on the pyrolite 
composition. 
The mineral facies concept of ultrabasic rocks was rapidly developed 
by O'Hara (1967a) and MacGregor (1967) after experimental data on anhydrous 
natural and synthetic chemical systems revealed that the mineralogy of any 
basic and ultrabasic composition is dependent on the temperature and pressure 
of equilibration. Kushiro and Yoder (1964, 1965, 1966) and MacGregor (1964, 
1965a)pioneered the first detailed experimental investigations on synthetic 
mineral assemblages, which are closely related to natural ultrabasic rock 
assemblages, at high temperatures and pressures. Kushiro and Yoder observed 
that anorthite and forsterite were compatible phases at low pressures but 
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reacted together at fixed intermediate pressures along a univariant 
reaction boundary. The intermediate pressure reaction products were found 
to be dependent upon the proportions of forsterite to anorthite in the low 
pressure assemblage. Forsterite, clinopyroxene, orthopyroxene, and spinel 
was found to be the stable intermediate pressure assemblage formed from the 
reaction of two molecules of forsterite to one molecule of anorthite. 
Anorthite, clinopyroxene, orthopyroxene, and spinel was found to he the 
stable intermediate pressure assemblage formed from the reaction of one 
molecule of forsterite to one molecule of anorthite. A pyrcpe-rich garnet 
was found to be stable at lowerpressures when formed from the anorthite- 
bearing intermediate pressure assemblage than when formed from the forsterite-
bearing intermediate pressure assemblage at intermediate to high pressures. 
The minimum pressures at which Kushiro and Yoder found pyrope-rich garnet 
and forsterite to be compatible phases differ from MacGregor's (l965.) only 
by the friction correction which they applied to their nominal pressures. 
This early work was influential in the development of the mineral facies 
concept. 
O'Hara (1967a) used the temperatures and pressures of the stability 
of forsterite, anorthite, clinopyroxene, and protoenstatiteor orthopyroxene 
to define the plagioclase-lherzolite mineral facies of ultrabasic 
compositions at low to intermediate pressures. At intermediate pressures, 
the conditions of the stability of forsterite, clinopyroxene, orthopyroxene, 
and spinel were used to define the spinel-lherzolite mineral fades of 
ultrabasic compositions. The stability of pyrope-rich garnet in suitable 
basic compositions at the temperatures and pressures of the spinel-
lherzolite facies was used to subdivide this facies into two suhfacies. 
The conditions of stability of the assemblage anorthite, clinopyroxene, 
orthopyroxene and spinel were used to define the Seiland subfacies of the 
spinel-lherzolite facies. The conditions of stability of the assemblage 
garnet, clinopyroxene, orthopyroxene, and spinel were used to define the 
ariégite subfacies of the spinel-lherzolite facies.. The conditions where 
the assemblage garnet, clinopyroxene, orthopyroxene, and forsterite is 
stable was used to define the garnet-lherzolite mineral facies. O'Hara 
proceeded to show that in the simplified system CaO-MgO-A1 203-Si0
23'  each 
facies and subfacies is separated from each other in temperature-pressure 
space by a univariant reaction boundary. The experimental data of Kushiro 
and Yoder (1966) show that forsterite and anorthite react to a higher 
pressure assemblage at the same temperature and pressure conditions 
irrespective of their proportions. The conditions of the plagioclase-
lherzolite to spinel-lherzolite facies boundary should, therefore, not be 
restricted to ultrabasic compositions. Similarly, basic compositions may 
develop the assemblage forsterite, clinopyroxene, orthopyroxene, and 
anorthite at low pressures. The plagioclase-lherzolite facies is equally 
appropriate to basic compositions. 
O'Hara (1967a) explained that FeO, Fe 20 3 , Cr203 , Tb 2 , and Na20 in 
ultrabasic rocks add extra degrees of freedom and thus the univariant 
equilibria separating the various stable mineral assemblages of each fades 
become multivariant transition zones. Because the amounts of these 
additional components are small, the transition zones will become relatively 
narrow and only slightly displaced in relation to the univariant equilibria 
of the four component system. 
Subsequent to these initial experimental surveys in the synthetic 
system, O'Hara et al. (1971) refined the location of the spinel-lherzolite 
to garnet-lherzolite facies boundary for natural and synthetic compositions 
and found, contrary to previous results, that the reaction boundary is 
strongly curved at high temperatures and becomes temperature independent 
at low temperatures. MacGregor (1970) showed that variable A1 903 /R203 
ratios may modify the location of this boundary. 
Less detailed information on the location of the various multivariant 
fades and subfacies boundaries has been produced for natural basic and 
ultrabasic starting materials by the investigators: Yoder and Tilley 
(1962), Green and Ringwood (1967a, b, 1970), Cohen et al. (1967), Ito and 
Kennedy (1968, 1970), Emslie (1970), Green and Hibberson (1970), Kornprobst 
(1970), and Irving (1974). Extrapolations of the facies boundaries based 
upon a limited number of high temperature syntheses to low temperatures 
has resulted in many conflicting petrogenetic conclusions. Wyllie (1971) 
has written an excellent summary of the diversity of experimental 
observations on the basalt to eclogi.te transition. 
O'Hara (1967c) attempted to locate the temperature and pressure 
conditions of equilibration of a wide variety of well-known alpine-type 
peridotites using the mineral facies concept with the compositions of the 
clinopyroxenes as a geothermometer and geobarometer. O'Hara recognised 
that the clinopyroxene solid solution composition in equilibrium with 
forsterite,.orthopyroxene, and an aluminous phase is invariant at any 
temperature and pressure within each divariant equilibrium phase field 
provided that all other minor components are fixed in amount. O'Hara's 
pyroxene grid was constructed on the basis of a study of the relative 
differences in clinopyroxene compositions in natural four-phase peridotites 
of different mineral facies standardized to a few experimentally known 
determinations. Although the absolute clinopyroxene compositions at any 
temperature and pressure are incorrect, the overall relative changes in 
the invariant clinopyroxene compositions with temperature and pressure are 
generally realistic. More important, O'Hara brought to light the necessity 
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of advancing from simple two end-member pyroxene solid solution 
geothermometry and geobarometry to three end-member pyroxene solid 
solutions in order to more realistically represent the conditions of 
equilibration of natural four-phase ultrabasic rocks. 
Boyd and Schairer (1964), Boyd and England (1964), Davis and Boyd 
(1966), Anastasiou and Seifert (1972), MacGregor (1974), and Warner and 
Luth (1974) explored the change of clinopyroxene and orthopyroxene or 
protoenstatite solid solutions with temperature and pressure in the simple 
three component system CaO-MgO-Si02 and MgO-A1 203-Si02 . These invariant 
clinopyroxene and orthopyroxene or protoenstatite solid solution 
compositions are defined in terms of two end-members, the proportions of 
which are controlled by the temperature, pressure, and the phase assemblage. 
The conflicting temperature and pressure estimations that have been 
generated by many petrologists who have tried to apply these experimental 
results to natural rocks is probably a testimony to the limited 
applicability of simple two end-member pyroxene geothermométers and 
geobarometers. Boyd (1973) and Boyd and Nixon (1973) attempted to overcome 
these limitations by combining the diopside-enstatite geothermoineter (Davis 
and Boyd, 1966) with the enstatite-magnesium Tschermak's molecule 
geobarometer (MacGregor, 1974) in order to estimate the upper mantle 
geotherm from pyroxenes in garnet-lherzolite nodules in kimberlites. The 
chemistry of natural rock compositions is more closely represented by the 
system CaO-MgO--A1 203-Si02 . Pyroxene solid solution compositions must then 
be defined in terms of three end-members of a solid solution series. 
Clinopyroxene compositions are solid solutions of diopside-calcium 
tschermak-enstatite. Orthopyroxene or protoenstatite compositions are 
solid solutions of enstatite-magnesium .tschermak's molecule-diopside. 
Even this four component system is clearly a simplification of natural rock-
compositions; however, it is a simple system which approximates natural 
rock chemistry and which offers the simplicity required to experimentally 
decipher the complex phase relationships. 
MacGregor (1965b) attempted to experimentally determine clinopyroxene 
composition variation with temperature and pressure for simple ultrabasic 
compositions in the four component system. Phase metastability problems 
in his experiments resulted in synthesized clinopyroxene compositions which 
are of doubtful value. Kushiro (1969) investigated diopside-calc.ium 
Tschermak-jadeite solid solution variation with temperature and pressure 
for compositions oversaturated with quartz. Whilst his experimental 
observations are of great value for rocks which crystallize free quartz, 
they have only a limited applicability to natural ultrabasic and basic 
compositions which have a lower silica activity. 
1.2 Purpose of experimental work 
The purpose of this work has been to advance the understanding of some 
aspects of the subsolidus petrogenetic history of alpine-type peridotites and 
the phase behaviour of the upper mantle. It has been the contention of 
this author that more progress can be made in this direction by a detailed 
experimental study of the complex phase relationships in simple synthetic 
systems rather than by a vague experimental study of natural rock 
compositions where complex multi-variant phase relationships operate and 
render interpretations extremely difficult. Some of the mineral facies and 
subfacies boundaries of synthetic basic and ultrabasic compositions have 
been reinvestigated together with the subsolidus behaviour of clinopyroxene 
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solid solutions. Since reliable experimental information at low to 
intermediate pressures is lacking, most of the experiments in this work 
have been confined to pressures less than 26 kilobars. Most of the 
experimental conditions are equivalent to those of the plagioclase-
lherzolite and the spinel-lherzolite facies. Some experiments at the 
conditions of the garnet-lherzolite facies have been performed in order to 
add continuity to the lower pressure data. 
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1.3 Choice of chemical system and nomenclature 
The four component system CaO-14gO-Al 203-Si02 has been studied as an 
analogue of common basic and ultrabasic rock compositions. Water has been 
excluded as an additional component except in certain low temperature 
experiments where small quantities were used to act as a fluxing agent of 
the reactions studied. Subsequent to evaluating the clinopyroxene solid 
solution phase behaviour of basic and ultrabasic compositions in this 
simplified four component system, sodium was added as a fifth component. 
The system CaO-Na 20-MgO-Al 203-Si02 is henceforth abbreviated as 
C-N-M-A-S. Mineral names have been abbreviated in the tables and figures. 
Table 1.1 lists these abbreviations and the minerals they correspond to. 
Abbreviation 	 Mineral name 
Fo forsterite 
An anorthite 
Plag 	- plagioclase 
Sp spinel 
Cpx clinopyroxene solid solution 
En protoenstatite or orthopyroxene ss 
solid solution 
Opx orthopyroxene solid solution 
Ct garnet solid solution 
Qz 	 quartz 
Sa 	 sapphirine 












Diopside refers strictly to the pure diopside end-member of clinopyroxene 
solid solution (CMS 2 ). Enstatite refers strictly to the pure enstatite 
end-member of protoenstatite solid solution or orthopyroxene solid 
solution (MS). 
To preserve clarity in the discussion of the equilibrium phase 
relationships studied, a short-hand nomenclature has been adopted from 
O'Hara (1969). Instead of writing 'the univariant equilibrium of the four 
component system in which anorthite, forsterite, clinopyroxene, 
orthopyroxene, and spinel co-exist is one where, for every change in 
pressure, the temperature must change by a fixed amount in order for that 
equilibrium to be maintained', the nomenclature 
4 
 E 	 is used. 
fo,ancpx,opx,sp 
refers to the number of components in the system; '1' refers to the 
number of degrees of freedom of the equilibrium; and fo,an=cpx,opx,sp - 
describes the phases participating in that equilibrium. Table 1.2 lists 
the abbreviations used in this work. 
	
'1'AT 	1 •) 
Abbreviation - 	 Equilibrium 
fo,an, cpx,en ss 	
the divariant equilibrium of the four component 
system in which forsterite, anorthite, clinopyroxene, 
and enstatite solid solution co-exist where, for any 
small change in temperature and/or pressure, the 
same four phases 'are maintained in equilibrium. 
42 	 • 
E the divariant equilibrium in the four component fo,cpx,opx, sp 
system in which forsterite, clinopyroxene, 
orthopyroxene, and spinel co-exist .....as above. 
4 E 
2 
	 the divariant equilibrium in the four component an,cpx,opx,sp 
system in which anorthite, clinopyroxene, 
orthopyroxene, and spine! co-exist .....as above. 
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Abbreviation 	 Equilibrium 
	
4 
E 2 	 the divariant equilibrium in the four component gt,cpx,opx,sp 
system in which garnet, clinopyroxene, orthcpyroxene, 
and spinel co-exist ..... as above. 
the divariant equilibrium in the four component 
gt,cpx, opx, fo 
system in which garnet, clinopyroxene, orthopyroxene, 
and forsterite co-exist ..... as above. 
the univariant equilibrium of the four component 
fo, ancpx, opx, sp 
system in which forsterite, anorthite, clinopyroxene, 
orthopyroxene, and spinel co-exist where, for every 
change in pressure, the temperature must change by 
a fixed amount in order for that equilibrium to be 
maintained. 
41 
E(cpx) ,an,sp,opxgt, (cpx) 
the univariant equilibrium of the four component 
system in which anorthite, spinel, orthopyroxene, 
garnet, and clinopyroxene co-exist .....as above. 
Clinopyroxene indicated (cpx) is present as an excess 
phase which does not directly participate in the 
univariant reaction relationship. 
41 
E 	 the univariant equilibrium of the four component cpx,opx,spgt,fo 
system in which clinopyroxene, orthopyroxene, spinel, 
garnet and forsterite co-exist ..... as above. 
41 
E 	 the univariant equilibrium of the tour component an, opxcpx, gt , qz 
system in which anorthite, orthcpyroxene, 
c1iropyroxene, garnet, and quartz co-exist ..... 
- as above. 
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(T-lAPT1P 2 
EXPERIMENTAL WORK I 
UNIVARIANT EQUILIBRIA IN THE SYSTEM C-M-A-S 
The experimental procedures and the analytical methods of 
identification of the charges are described in Appendix A. The 
compositions of the starting materials used are given in Appendix B. 
The results are tabulated in Appendix C.l and C.2.2. 
2.1 	Determination of the plagioclase-lherzolite to spinel-lherzolite 
mineral facies boundary in C-M--A-S 
2.1.1 Introduction 
In anhydrous basic and ultrabasic magnesian assemblages the 
temperatures and pressures where olivine and plagioclase become 
incompatible is called the plagioclase-lherzolite to spinel-lherzolite 
mineral facies boundary. In the simplified four component system C-M-A--S, 
this boundary is defined by the reaction: 
anorthite + 2forsterite .aiuminous clinopyroxene + aluminous 
orthopyroxene + spinel 
This equilibrium is univariant and can be abbreviated E 1 fo,ancpx,opx,sp 
Both basic and ultrabasic assemblages may contain the stable phases 
forsterite + clinopyroxene + enstatite solid solution + plagioclase in the 
• temperature-pressure conditions of the plagioc lase- lherzolite mineral facies. 
In the conditions of the spinel-lherzolite facies, appropriate aluminous 
lherzolite compositions will develop the assemblage olivine + aluminous 
clinopyroxene + aluminous orthopyroxene + spinel. Suitable compositions 
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of 
of basic rocks, such as troctolites, and Aultrabasic rocks, such as 
olivine-bearing anorthosites, may become plagioclase + aluminous 
clinopyroxene + aluminous orthopyroxene + spinel assemblages in the 
spinel-lherzolite facies. 
For compositions where forsterite is an excess stable phase in both 
facies in C-M-A-S, the reaction boundary may be written: 
3L1 	 CAS C' + 
(forsterite) 	(anorthite) 
(1-z)CMS 2 zMAS + 2(1-z-b)MSzMASbCMS 2 + (1-2z)MA + (1+2z)M2S 
(clinopyroxene) 	(orthopyroxene) 	(spinel) 	(forsterite) 
- (Eq. 2.1 - derived from Eq. 3.5) 
- where z and b are less than 1 and are constant at any 
one temperature and pressure 
- where AV 	31.9 (A)3 (see Table 4.1 for molecular 
volumes). 
For compositions where anorthite is an excess stable phase in both 
facies in C-M-A-S, the reaction boundary may be written: 
M2 	+ CAS 2 	 (l-x-y-b) CMS 2 xCASyMS + (2-2x--y-2b) 2b
 (anorthite) 	 (clinopyroxene) 
MSxMASbCMS 2 + (1-x)CAS2 + (l-x)MA 
(orthopyroxene) 	(anorthite) 	(spinel) 
- (Eq. 2.2 - derived from Eq. 3.7) 
- where x, y, and b are less than 1 and are constant at 
any one temperature and pressure 
- where M >,31.9 (X) 3 . 
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FIG. 21 
The plagioc lase -lherzolite to spinel-lherzoJ.ite mineral fades 
boundary in the system C - M - A -. S. 
Key to the symbols: 
Solid Media Runs 
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2.1.2 Experimental results 
Fig. 2.1 has been determined from forsterite-excess and anorthice-
excess compositions. The experimental data is listed in Appendix C.l. 
The boundary marked Z-Z has been tightly bracketed by data obtained from 
the solid media apparatus and the boundary marked X-X is loosely bracketed 
by data obtained from the gas media apparatus. The data point X' is that 
temperature and pressure of synthesis, in the gas media equipment, where a 
clinopyroxene of the composition 64.4 wt%CMS 2 - 22.0 wt%CAS - 13.6 wt%MS 
was obtained from the starting material 11-14. At 1250 0C and 11 kb a 
clinopyroxene of the composition 62.6 wt%CMS 2 - 23.7 wt%CAS - 13.7 wt%MS 
was synthesized in the solid media equipment on the same starting material. 
Z' represents the estimated temperature and pressure of synthesis in the 
solid media apparatus which would be required to synthesize a 
clinopyroxene of the same composition as that synthesized in the gas media 
apparatus (Chapter 3, Fig. 3.11). There is the possibility that nominal 
solid media pressures are somewhat too low at high temperatures just as 
they appear to be too high at low temperatures. The univariant boundary 
X-X has been extrapolated to the solidus by the dashed line X-X?. The real 
position of the univariant boundary probably lies somewhere between X-X and 
z-z. 
The univariant reaction is located at about 8.5 kilobars below 1050 0C 
and is relatively insensitive to changes in temperature. Above 1050 0C the 
boundary curves slightly to higher pressures. 
2.1.3 Comparison with other experimental results 
Herzberg (1972) has compared the preliminary survey of this reaction 
boundary with interpretations made by Kushiro and Yoder (1966), Green and 
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Hibberson (1970), and Emslie (1970). There seems to be a good agreement 
on the location of this boundary at near-solidus temperatures for 
compositions in C-M-A-S. At lower temperatures the position of the four 
high pressure assemblages synthesized in the gas mediavessel by Kushiro 
and Yoder (1966) are in contradiction to the position of six of the low 
pressure assemblages synthesized in the gas media vessel of this work. 
Only one data point in all the solid media synthesis of this work suggests 
that a slope to this boundary exists. 
(large dT/dP) 
The steep s1opeof this boundary determined from the solid media data 
compares very well to the steep slope suggested by the data of Emslie (1970) 
and Irving (1974) on natural starting materials. Emslie (1970), Green and 
Hibberson (1970), and Chapter 7 of this work show that sodium tends to 
change the boundary into a divariant zone, the location of which is 
transposed to higher pressures than those shown in Fig. 2.1. 
The data of Green and Hibberson (1970) on the bulk composition 
2fayalite + anorthite suggests that highly fayalitic olivine may affect 
the slope of the boundary to greater dT/dP values. However, for normal 
basic and ultrabasic compositions, which generally contain less than 15%FeO, 
Emslie's (1970) data shows that the influence of iron oxide in the minerals 
participating in the reaction is negligible. The few syntheses performed 
by Green and Ringwood (1967a, b), Ito and Kennedy (1968), and Cohen et al. 
(1967) on various basaltic compositions provide no information on the slope 
of this boundary. Bearing in mind that they used glasses as starting 
materials and the piston-in or floating piston technique with or without a 
friction correction, their data suggests that olivine becomes unstable in 
the presence of excess plagioclase at pressures between 10 and 11 kilobars 
(pressures as quoted) at temperatures between the solidus and 1100 0C. This 
relatively high pressure of the olivine-plagioclase reaction may be 
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attributed to the relatively high sodium content in their charges. Irving 
and Green (1970) have shown a very steep slope to this boundary on 
experiments performed on the Delegate inclusions, but have presented none 
of their actual experimental data for discussion. No information is 
available on the effect of chromium on the position of this boundary. One 
can only speculate that its influence on spinel stability and its solubility 
in clinopyroxene would tend to shift the boundary to lower pressures than 
those shown in Fig. 2.1. 
2.2 	Determination of the Seiland subfacies (pyroxene granulite subfacies) 
to arigite subfacies (garnet granulite subfacies) boundary of the 
spinel-lherzolite facies in C-M-A--S 
2.2.1 Introduction 
Within the temperatures and pressures where spine!-lherzoiites are 
stable for ultrabasic compositions, pyrope-rich garnet can also be stable 
for basic compositions. The low pressure stability limit of pyrope-rich 
garnet can be used to divide the spinel-lherzolite mineral facies into two 
subfacies based upon mineral assemblages developed in appropriate basic 
compositions. 
In the temperature and pressure conditions of the Seiland mineral 
subfacies the assemblage anorthite + aluminous clinopyroxene + aluminous 
orthopyroxene + spinel is stable. At pressures higher than those of the 
Sèiland subfacies, orthopyroxene becomes incompatible with both anorthite 
and spinel, and pyrope-rich garnet becomes stable. The stability of pyrope-
rich garnet + aluminous clinopyroxene + aluminous orthopyroxene + spinel 
defines the arigite mineral subfacies (O'Hara, 1967a). 
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FIG. 2 . 2 
The Seiland mineral subfacie to ariégite mineral su'ofacies 
boundary of the spinel-lherzolite mineral fades in the system 
C-MA-S0 
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garnet is univariant and can be abbreviated 	(cpx)opx,an,spgt,(cpx). 
This equilibrium can be written: 
clinopyroxene + orthopyroxene + anorthite + spinel Zt garnet + clinopyroxene 
+ orthopyroxene + spinel. 
The reaction which describes this equilibrium may be written: 
4MS + CAS  + MACM5A2S 6 (Eq 2.3) 
- where LW 	59.2 (A)3. 
At pressures higher than those where 4E' is (cpx)opx,an,spgt,(cpx) 
attained, the stable phase assemblage foi compositions to the silica-poor 
side of the 'plane' CS-MS-A in C-M-A-S is pyrope-rich garnet + aluminous 
clinopyroxene + aluininous orthopyroxene + spinel. Compositions within the 
'plane' will develop pyrope-rich garnet, aluminous clinopyroxene, and 
aluminous orthopyroxene. Compositions to the silica-rich side of the 
'plane' will develop anorthite + aluminous clinopyroxenc + aluminous 
orthopyroxene + pyrope-rich garnet. 
2.2.2 Experimental results 
Fig. 2.2 summarizes the results of experiments performed on several 
compositions in the determination of the location of this univariant 
boundary in temperature-pressure space. The experimental data are listed 
in detail in Appendix C.2.2. In the bulk compositions (AI--S) and (AI-S 1 ), 
the anorthite + aluminous clinopyroxene + aluminous orthopyroxene + spinel 
assemblage is exactly replaced by a garnet + alurninous clinopyroxene + 
aluminous orthopyroxene assemblage at this reaction boundary. In the other 
two compositions (Aill and AIII-S 1), Aill being identical to that used by 
Kushiro and Yoder (1966) for the same experiments, the anorthite + 
aluminous clinopyroxene + aluminous orthopyroxene + spinel assemblage is 
replaced by garnet and high-alumina clinopyroxene at the reaction boundary. 
Fig. 2.2 shows that this reaction boundary is strongly curved at 
high temperatures and that it becomes increasingly temperature insensitive 
at lower temperatures. At temperatures below 1100 0C one can expect garnet 
to be stable at pressures no lower than 13.8 to 14.0 kilobars. On 
comparison of this univariant boundary with that for the plagioclase-
lherzolite to spinel-lherzolite and the spinel-lherzolite to garnet- 
lherzolite (O'Hara et al., 1971) univariant boundaries in C-M-A-S, it appears 
that they all behave in a similar way; being curved at high temperatures 
and having nearly constant pressures of reaction at low temperatures. 
2.2.3 Interpretation and discussion of experimental results 
Kushiro and Yoder (1966) observed that, when using recrystallized 
glasses of the composition forsterite + anorthite seeded with a small 
amount of the high pressure assemblage, anorthite + aluminous clinopyroxene 
+ aluminous orthopyroxene + spinel was the stable assemblage on the low 
pressure side of the reaction boundary and aluminous clinopyroxene + garnet 
was the stable assemblage on the high pressure side of the boundary. They 
suggested that the reaction should proceed in the following way: 
CMS 2 xCAS + 2MSxMAS + (l-x)CAS 2 ± (l-x)MA = 2CM2AS3 	(x<l). 
Their high pressure products consisted of garnets of variable modal amounts 
and compositions (from pyrope 78grossular 22 to pyrope 74grossular26 ) plus what 
may or may not be a metastable clinopyroxene. Some experiments in this work 
on the same composition as that used by Kushiro and Yoder (1966) gave very 
similar results. To the high pressure side of the boundary, metastable 
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high-alumina clinopyroxene (Appendix C.2.2) was the only phase produced 
in charges unseeded with garnet. One charge seeded with pyrope produced 
high-alumina clinopyroxene + garnet (pyrope 37grossular13 -wt%) as the high 
pressure assemblage. The boundary obtained on this composition can only 
be regarded as a synthesis boundary because no equilibrium reaction 
relationship has been established and no reversals were performed. 
The experiments on compositions Al-S and Al-S 1 grew garnet with 
clinopyroxene and orthopyroxene at those conditions where the metastable 
high-alumina clinopyroxene assemblage was obtained from runs on Aill. The 
alumina contents of the clinopyroxenes synthesized with garnet and 
ort.hopyroxene in the runs on Al-S were found to be conformable to the 
alumina contents of the clinopyroxenes obtained from products on the low 
pressure side of the reaction boundary (Chapter 3, Figs. 3.11 and 3.12). 
One reversal at 1150 0C from high to low pressures across the boundary 
resulted in partial breakdown of the garnet seed. The garnet 420 x-ray 
diffraction peak was strongly reduced in intensity and difficult to 
distinguish from the adjaent clinopyroxene 131 x-ray diffraction peak. 
This garnet was found to be anhedral and sparse in amount. Stable garnet 
in the high pressure assemblage gave a strong and distinct 420 diffraction 
peak and appeared optically as subhedral with a dodecahedral form. 
Table 2.1 shows the compositions of the garnet seeds in the starting 
material and their compositions after the run. The compositions were 
estimated by the position of the garnet 420 diffraction peak position with 
respect to the sodium chloride 200 diffraction peak position. The method 
of Chinner, Boyd, and England (1960) was used to correlate garnet cell 
parameters with composition. 
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Garnet Parameters 
Starting 	Temperature Pressure Assemblage 28 420 d420 a x Compositi 
Material °C 	KB 	produced CuKx 	 wt.% 
Al-S 1 (Py100 ) 1150 14.2 Gt-Cpx-Opx 34.82 2.5743 11.512 Py85Gr 15 
Al-S 1 (Py100) 1150 14.2/13.5 Cpx-Opx-Sp - - - - 
Gt-An 
AIII-S 1 (Py100 ) 1100 15.0 Gt-Cpx- 34.83 2.5736 11.509 Py87
Gr13 
AI-S 1 (Py 100) 1300 16.5 Gt-Cpx-Opx 34.83 2.5736 11.509 Py87Gr 13 
AI-S 1 (Py100 ) 1390 20.0 Gt-Cpx-Opx 34.82 2.5743 11.512 Py85Gr 35 
AI-S(Py85Gr 15 ) 1250 14.8 Gt-Cpx-Opx 34.80 2.5757 11.519 Py81Gr 19 
AI-S(Py85Gr 15 ) 1350 17.0 Ct-Cpx-Opx 34.80 2.5757 11.519 Py81Gr 19 
S' and S = 8wt.% garnet seeds. 
* Gt partly reacted. 
14.2/13.5 = initial pressure 14.2 for 6 hours 
final pressure 13.5 for 12 hours. 
Those garnets of the composition pyrope 81-grossular 19 (wt.%) which 
were synthesized in equilibrium with clinopyroxene and orthopyroxene are 
very similar to those synthesized by Boyd (1970) (pyrope82-grossular 18-wt.%). 
The pyrope to pyrope + grossular (wt.Z ratio) of most garnets in garnet-
lherzolites, garnet-websterites, and arigites is also about .82±.02 
(Boyd, 1970). A garnet of this composition closely corresponds to the 
molecular formula CM5A2S 6 (8l.7 wt.% pyrope-18.3%wt. grossular). The results 
of these experiments support the conclusions reached by Boyd (1970) and the 
observations made by Kushiro, Syono, and Akimoto (1967) that the garnet 
composition in equilibrium with clinopyroxene and orthopyroxene is 
relatively insensitive to changes in temperature and pressure. 
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A garnet of the composition CN5A2 S 6 , which is stable on the high 
pressure side of the reaction boundary of Fig. 2.2, clarifies the nature 
of the univariant equilibrium studied. This garnet composition may be 
formed from the reaction of orthopyroxene with anorthite and spinel as 
shown by Eq. 2.3. It may also be formed by the saturation of clinopyroxene 
and orthopyroxene in alumina as suggested by the reaction: 
4MS + CAS + MAS 	CM5A2 S 6 	(Eq. 2.4) 
The two reactions of the type shown by Eq. 2.3 and Eq. 2.4 may operate 
simultaneously at the univariant reaction boundary. 
Where the composition of the garnet seed in these experiments was 
pyropelOO, the garnet composition after the run was always higher in 
pyrope than those runs seeded with garnet of the composition pyrope85-
grossularl5(wt%). This is probably an indication of a kinetic problem. 
Those garnet compositions with pyrope values of 85 and 87 (wt%) synthesized 
in the high pressure assemblage may not be equilibrium values. Throughout 
the duration of the run, it is to be expected that garnet seeds of any 
given composition will tend to change their composition to the equilibrium 
value for the phase assemblage and the temperature-pressure conditions of 
the run. If this rate of re-equilibration is slow, and if the difference 
in composition between the seed and the equilibrium garnet value is large, 
then the equilibrium garnet compositions may not be reached. It is probable 
that chemical equilibration was more closely approached with the seeds of 
pyrope85-grossularl5(wt%) than with those of pyropelOO during the course 
of the experiments. 
The curvature of the univariant boundary shown in Fig. 2.2 contrasts 
with the linear interpretation gis1er, by Kushiro and Yoder (1966) on their 
synthesis boundary. In using the 'floating-piston' technique with a 
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-8% friction correction, they have only one data point (1210 0C and 14 kb) 
in violation of the position of the boundary in Fig. 2.2. Their 1160 0C 
data suggest a curvature to their synthesis boundary. However, in choosing 
to neglect this, Kushiro and Yoder (1966) have represented their boundary 
by a straight line through their high temperature brackets and have 
extrapolated it to lower temperatures. 
The strong curvature of the reaction boundary in the system C-M-A-S 
suggests that, for natural quartz-free basaltic assemblages having high 
Mg/Mg+Fe ratios, the lowest pressures at which one would expect garnet to 
be stable would be 13 to 14 kilo.. bars. Green and Ringwood (1967b) have 
observed the first -appearance of garnet between 14.6 and 15.8 kilobars 
(pressures as reported) in runs at 1100 0C on the 'oxidized alkali olivine 
basalt' with 100Mg/Mg+Fe82. Similarly in the 'olivine tholeiite A' with 
10OMg/Mg+Fe=70, garnet was first synthesized between 12.4 and 13.5 kilobars 
at 11000C. For 'olivine tholeiite B' with 10OMg/Mg+Fe=66, garnet was first 
observed at just over 10 kilobars at 1100 0C. The results of Green and 
Hibberson (1970) indicate that for 10OMg/Mg+Fe=0, almandine garnet becomes 
stable at yet lower pressures. A synopsis 	of studies on almandine and 
pyrope stabilities by Yoder and Chinner (1960) suggests that varying 
Mg/Mg+Fe ratios not only may affect the minimum pressure of stability of 
garnet of any one intermediate composition, but may also affect the dT/dP 
of garnet entry in quartz-free basaltic compositions. O'Hara et al. (1971) 
have shown that for the spinel-lherzolite to garnet-lherzolite reaction 
boundary of natural peridotite compositions, which have 10OMg/Mg+Fe89, the 
boundary is essentially pressure dependent at low temperatures. It is, 
therefore,tentatively suggested that. for natural quartz-free basaltic 
compositions with 100Mg/Mg+Fe75, a pyralspite garnet will be stable at 
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pressures no lower than 12 ki.lobars and that its formation from the 
lower pressure assemblage plagioclase + clinopyroxene + orthopyroxene + 
spinel will be essentially pressure dependent below 1100 0C. At temperatures 
above 1100 0C the appearance of garnet will be both temperature and pressure 
dependent. 
2.3 	Application of experimental results 
2.3.1 Conditions of corona formation 
Coronas, which are sometimes referred to as symplectite or kelyphite 
reaction rims, are essentially solid state reaction products which have been 
formed by the incompatibility or instability of one or more minerals resulting 
from a change in the temperature and/or pressure environment of the rock. 
Several types of coronas have been recognized in basic and ultrabasic rocks 
by many geologists in the past. In the light of these experimental results, 
some inferences can be made on the conditions of corona formation, 
Gardner and Robins (1974) and Griffin and Heier (1973) have provided 
a summary of the many types of coronas which have been found between olivine 
and plagioclase in many basic and ultrabasic rocks throughout the Norwegian 
Caledonides. Two main types of coronas can be found. The.first type contains 
intergrowths of clinopyroxene, orthopyroxene, and spinel developed between 
olivine and plagioclase. These are predominantly found in the northern 
provinces of Norway. Garnet is rarely found except in close proximity to 
amphibole, iron ores, or biotite. These are probably secondary minerals 
which were formed by water, potash, and iron introduction post-dating or 
contemporaneous with the actual corona formation. The second type of 
corona contains pyralspite garnet, clinopyroxene, orthopyroxene, and spinel 
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(+ secondary amphibole, iron ores, and biotite) arranged in well defined 
layers between olivine and plagioclase. In some garnet-bearing coronas, 
the primary olivine has been totally replaced by orthopyroxene. Varying 
amounts of garnet and relict primary plagioclase or olivine from corona 
to corona in the same rock mass suggests that there were varying degrees 
of corona development on a local scale. The garnet-bearing coronas are 
to be found mainly in the southern area of the Norwegian Caledonides. 
Gardner and Robins (1974) and Griffin and Heier (1973) concluded 
that the two main types of coronas were formed by the reaction between 
olivine and plagioclase due to the crossing of the olivine-plagioclase 
reaction boundary during isobaric cooling. Most of the garnet-bearing and 
garnet-free coronas have lOOMg/Mg+Fe greater than or equal to 75 (Griffin 
and Heier, 1973) (calculated on the basis of the original olivine 
composition). In the light of Fig. 2.1 and the discussion in section 
2.1.3, the garnet-free coronas of the Seiland province of northern Norway 
could only have formed by isobaric cooling at near-solidus temperatures 
and within the restricted pressure interval of about 1.5 kilobars. Gardner 
(personal communication) has reported that a 500% volume increase of the 
Seiland province was probably attained during the later stages of the 
early Caledonian D2 tectonic event by the emplacement of the syn-D2 gahbros 
In contrast with the earlier conclusions reached by Gardner and Robins (1974), 
Gardner has suggested that this large volume of gabbro emplacement  may have 
been responsible for a regional pressure increase and corona development. 
The very steep slope to the plagioclase-lherzolite to the spinel-lherzolice 
facies boundary at low temperatures in Fig. 2.1 favours the formation of 
pyroxene-spinel symplectites between olivine and plagioclase by an increase 
in pressure. In the light of Fig. 2.2 and the discussion in section 2.2.3, 
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the maximum load pressure that could have been attained was probably 
about 12 kilobars. 
The garnet-bearing coronas which are commonly found in the Bergen 
Arcs of southern Norway (Griffin, 1972) must have been formed by an increase 
in pressure. From Fig. 2.1 and the discussion in section 2.1.3, the 
maximum pressures at which olivine and plagioclase can be stable together 
may be about 10.5 to 11 kilobars at near-solidus temperatures (sodium 
tending to increase the pressure of stability of olivine with plagioclase). 
Given that at least 12 kilobars are necessary to develop garnet from the 
appropriate phase assemblage of the appropriate Mg/Mg+Fe ratio (see section 
2.2.2), and from Fig. 2.2, a pressure increase of at least one kilobar 
would have been required to develop garnet in the coronas. Griffin (1972) 
suggested that some of the garnet-bearing coronas may have been formed 
from the reaction of olivine and plagioclase to form garnet, clinopyroxene, 
and orthopyroxene. This hypothesis was formulated upon the alleged 
existence of an olivine-plagioclase-clinopyroxene-orthopyroxene-spinel-
garnet 'triple point' at low temperatures suggested by the experimental 
data of Kushiro and Yoder (1966). However, the petrographic descriptions 
presented by Griffin and Heier (1973) show that the garnet in the coronas 
have all formed at the expense of clinopyroxene and spinel which were 
formed by the reaction of olivine and plagioclase. Figs. 2.1 and 2.2 
together show that it is unlikely that garnet-bearing coronas in magnesian 
assemblages could be developed directly from olivine and plagioclase without 
first developing the intermediate pyroxene-spinel assemblage. 
The spatial distribution of garnet-bearing coronas in the basic and. 
ultrabasic rocks from the southern provinces of Norway and the garnet-free 
El 
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coronas from the northern provinces of Norway suggest that the pressures 
attained in the crustal rocks at the present level of exposure were 
probably greater in the south and lesser in the north of Norway. 
Kely.phitic reaction rims enveloping garnet in eclogite, garnet-
websterite, garnet-clinopyroxenite, and arigite assemblages are another 
type of coronae which are sometimes found. These have been reported 
in most alpine-type peridotites which contain garnet in basic layers. 
These reaction rims usually are found to contain pyroxene and spinel, 
with or without secondary amphibole. Kornprobst (1969) has suggested 
that the kelyphitic reaction rims enveloping garnet in the garnet- 
pyroxenites and garnet-websterites of the Beni Bouchera massif were 
developed by the instability of garnet due to the crossing of the Seiland 
subfacies to the arigite subfacies boundary during diapiric rise and 
emplacement of the massif. From Fig. 2.2 and section 2.3.2 below, the 
minimum pressures at which this reaction probably proceeded was, about 12 
kilobars. This naturally implies that the original primary garnet-bearing 
mineral assemblages were stable at pressures greater than 12 kilobars. 
2.3.2 Conditions of stability of arigites, garnet-websterites, and 
garnet-cl inopyroxenite s 
Arigites, garnet-websterites, and garnet-clinopyroxenites from 
Etang de Lhers (Lacroix, 1900, 1917; Conquer, 1971), Beni Bouchera 
(Kornprobst, 1969, 1970), Moncaup (Kornprobst and Conqur, 1972), Delegate 
(Lovering and White, 1969), Cabo Ortegal (Vogel, 1967), Burgenland, Austria 
(Richter, 1971), Styria, Austria (Kurat, 1971), Totalp, Davos (Peters, 
1963, 1968), and the association of ceylonite-garnet-clinopyroxenites with 
plagioclase-spinel-pyroxenites from Serrania de la Ronda (Dickey, 1970) 
have lOOMg/Mg+Fe greater than or equal to 75. They are unlikely to have 
crystallized at depths less than 36 to 42 kilometers (12 to 14 kilobars). 
2.3.3 The plagioclase - peridotite to spinel - peridotite transition 
The plagioclase - peridotite to spinel - peridotite transition 
probably occurs at a constant depth of about 26 kilometers in the earth, 
independent of variations in the geothermal gradient. Emslie (1970), Green 
and Hibberson (1970), and this work (Chapter 7) have shown that the depth 
of this transition  
may be controlled by compositional variations. If it is correct to assume 
a certain degree of chemical homogeneity in the uppermost mantle, 1:hen a 
plagioclase-peridotite zone should be about 16 kilometers thick below the 
oceanic crust and pinch out near subcratonic margins where the continental 
crust exceeds 26 kilometers in thickness, again irrespective of geothermal 
gradient. This is similar to the conclusions arrived at concerning the 
constant depth of the spinel peridotite to garnet-peridotite transition 
in regions of normal geothermal gradient (O'Hara et al., 1971). 
2.3.4 The 'pyroxene granulitd to 'garnet granulite' transition 
The depth of the 'pyroxene granulite' to 'garnet granulite' transition 
in magnesian basic rocks of the crust and suboceanic and subcontinental 
mantle is dependent on compositional variations and independent of normal 
geothermal gradient. The variations in magnesium to iron in basic mantle 
or crustal rocks are the most likely control of the depth of this transition. 
From section 2.3.2 above, magnesian garnet-clinopyroxenites, garnet-
websterites, arigites, and garnet granulites can only be stable in 
continental crust which is greater than approximately 36 kilometers in 
thickness. 
2.4 Conclusions 
The important conclusions which can be drawn from the experimental 
determination of the plagioclase-lherzolite to spi.nel-lherzolite fades 
boundary and the Seiland subfacies to arigite subfacies boundary are: 
Symplectite corona formation along plagicclase and olivine crystal 
boundaries in basic and ultrabasic rocks is most likely the product 
of a rise of pressure rather than isobaric cooling. 
In view of the pressure dependent nature of the plagioclase-lherzolite 
to spinel-lherzolite facies boundary, the Seiland subfacies to the 
arigite subfacies boundary, and the spinel-lherzoiite to garnet-
lherzolite facies boundary (O'Hara et al., 1971) at low temperatures 
in the system C-N-A-S, no anorthite-forsterite-clinopyroxene-
orthopyroxene-spinel-garnet 'triple point' is likely to exist; 
furthermore, there is no geological evidence to show that it does 
exist in natural magnesian rocks. 
The depths of the plagioclase peridotite to spinel peridotite and 
the pyroxene granulite to garnet granulite transitions in the mantle 
and the crust of the earth are dependent on compositional variations 
and independent of normal geothermal gradients. 
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CHAPTER 3 
EXPERIMENTAL WORK II 
CLINOPYROXENE GEOTHERMOMETRY AND GEOBAROMETRY 
IN THE SYSTEM C-M-A-S 
The experimental procedure and the analysis of the results are 
described in Appendix A. The compositions of the starting materials 
are given in Appendix B. Results are tabulated in detail in Appendix 
C.2. 	 I 
3.1 	Variations in clinopyroxene compositions in the assemblage 
forsterite + clinopyroxene + orthopyroxene + spinel 
3.1.1 Introduction 
Clark et al. (1962) synthesized a complete range of clinopyroxene 
solid solution compositions between diopside and calcium tschermak's 
molecule at high temperatures and pressures. MacGregor (1965b) attempted 
to develop the aluniinous clinopyroxene geothermometer and geobarometer 
of spinel peridotite assemblages by determining the alumina content of 
clinopyroxene in the assemblage forsterite + spinel + clinopyroxene at 
various temperatures and pressures. The bulk composition used in his 
experiments (a mechanical mixture of 2CMS 2 + MA) plots along the join 
diopside-spinel, which is co-planar with the join forsterite-calcium 
tschermak's molecule. From the work of Clark et al. (1962), equilibrium 
assemblages of the composition used by MacGregor (1965b )should have given 
clinopyroxene of a constant alumina content equivalent to the bulk alumina 
content of the charge, plus forsterite and no spinel over many of the 
31 
temperatures and pressures of his experiments. Either the experimental 
results obtained by Clark et al. (1962), or those of MacGregor (1965b) 
or both were not equilibrium results. MacGregor's (1965h) results can be 
explained by the incomplete breakdown of spinel in his syntheses. The 
pyroxenes synthesized from glass starting materials (Clark, et al. 1962) 
may have nucleated rapidly at the expense of another stable phase. It is 
impossible to establish that these results (Clark et al., 1962) are 
equilibrium results other than by duplicating the experiments using other 
starting materials. The results of Clark et al. (1962) are tentatively 
preferred. 
O'Hara (1967c) showed the variation in clinopyroxene composition with 
temperature and pressure in four phase spinel-lherzolite assemblages from 
the relative differences in the compositions of clinopyroxenes found in 
natural four phase peridotites of different mineral fades. No actual 
experimental data on clinopyroxene compositions in spinel-lherzolites were 
used in the construction of O'llara's (1967c) pyroxene grid. The experimental 
work in this section provides some of this information. In particular, 
the variations in clinopyroxene compositions with temperature and pressure 
in the assemblage forsterite + clinopyroxene + orthopyroxene + spinel have 
been determined in the system C-M-A-S. 
3.1.2 Reactions which control the clinopyroxene composition 
Various subsolidus reactions involving clinopyroxene in the 
assemblage forsterite + clinopyroxene + orthopyroxene + spinel are 
responsible for the experimentally observed changes in the clinopyroxene 
composition with changes in temperature and pressure. MacGregor (1965b) 
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suggested the following reaction which may control the alumina content 
of the clinopyroxene: 
CNS 2 + MACAS + M 2 S 
	= + 1.7 (A) 3 	(Eq. 3.1) 
The proportion of the products to the reactants of Eq. 3.1 is a function 
of the temperature and pressure of equilibration. 
The enstatite content of the clinopyroxene is controlled by the 
exchange reaction: 
CMS 	+ MS 	MS 	+ CMS 	 (Eq. 3.2) 2(cpx) 	(opx) 	(cpx) 	2(opx) 
The experimental results of Davis and Boyd (1966) and Boyd and Schairer 
(1964) show how the ens tatite content of clinopyroxene and the diopside 
content of orthopyroxene vary with temperature and pressure in the system 
C-M-S. 
The magnesium tschermak's molecule content of orthopyroxene may he 
controlled by the reaction: 
2MS + MA MAS + M 2 S 	AV = + 3.3 (A) 3 	(Eq. 3.3) 
The proportion of the products to the reactants of Eq. 3.3 is again a 
function of the temperature and pressure of equilibration. 
In the course of this experimental work, the reactions represented 
by Eqs. 3.1 to 3.3 have been tested in the light of the experimentally 
observed changes in the composition of clinopyroxene in 4E ro,cpx,opx,sp 
with changes in temperature and pressure. 
The composition of a clinopyroxene at any temperature and pressure 
in 4 E 2 	 can be written: fo, cpx,opx, sp 
(1-x-y) CMS 2 xCAS yMS 
- where x and y are less than 1 and are constant at any one 
temperature and pressure (O'Hara, 1967c). 
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The compositions of the clinopyroxenes synthesized in this experimental 
work were determined by measuring the amounts of calcium tschermak's 
molecule (x) and enstatite (y) in solid solution. 
3.1.3 Analytical methods of determining clinopyroxene compositions 
The accuracy of clinopyroxene compositions obtained by electron 
microprobe analysis was exceptionally poor (Appendix A, Table A.4). 
Individual clinopyroxene crystals in the charges were rarely larger than 
three to five microns in size and were intergrown with spinel and 
orthopyroxene. An x-ray diffraction method of determining the amounts of 
calcium tschermak's molecule and enstatite in clinopyroxene was developed. 
Clinopyroxene cell dimensions vary with the composition of the 
clinopyroxene solid solution (Clark et al., 1962). The clinopyroxene 221 
and 310 diffraction peak positions of the compositior (CNS 2 ) 90 (CAS) 10 , 
(CMS 2 ) 80 (CAS) 20 , (CNS 2 ) 70 (CAS ) 30 , (CMS 2 ) 60 (CAS ) 40 , (MS 2 ) 50 (CAS ) 50 , 
(CMS 2 ) 90 (NS) 10 , (CMS 2 ) 80 (MS) 20 , (CMS 2 ) 70 (MS) 30 , and (CMS 9 ) 60 (MS) 40 (weight 
percent) were calculated from their cell dimensions (Clark et. al., 1962). 
Several homogeneous clinopyroxenes were then synthesized from various known 
compositions and the 221 and 310 diffraction peak positions were measured. 
The grid of clinopyroxene 221 and 310 diffraction peak positions and 
clinopyroxene composition (used in Fig. 3.1) was then constructed from the 
calculated 221 and 310 diffraction peak positions calibrated to the positions 
of those measured from the synthesized clinopyroxenes. Appendix A.2.2 
describes in detail the method of construction of this grid. The compositions 
of the clinopyroxenes synthesized in this work were then determined by 
plotting the measured positions of the 221 and 310 diffraction peak positions 
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Plot of clinopyroxene 221 and 310 x-ray diffraction angles 
Key to the symbols: 
Symbol Starting Temperature 	Phases Grown 
Material 	00 
o All 1100 Fo + Cpx + Opx + Sp + An(unreacted) 
O GP 1100 Fo + Cpx + Opx + Sp 1 .An(unreacted) 
All 1200 Fo + Cpx + Opx + Sp + An(unreacted) 
A GP 1200 Fo + Cpx + Opx + Sp 
All 1270 Fo + Cpx + Opx + Sp 
o . All 1300 Fo + Cpx + Opx + Sp 
EN GP 1300 Fo + Cpx + Opx + Sp 
EB All 1400 Fo + Cpx + Opx ± Sp 
© AIlI 1100 An + Cpx + C)px + Sp 
+ Po(unreac:ted) 
() H-11 1100 An +Cpx + Opx + Sp 
AIlI 1200 An + Cpx + Opx + Sp + Fo(unreacted) 
E-13 1200 An + Opx + Opx + Sp 
[} kIll 1300 
An + Cpx + Opx + Sp 
H-I11. 14-00 An + Cpx + Opx + Sp 
20 310 
30.600 	 30.500 	 30.400 	 30.300 	 30.200 
30.100 






in Fig. 3.1. The accuracy and precision of these determinations using 
the x-ray diffraction method are compared with analyses that were obtained 
from the electron microprobe in Appendix A.2.2 (table A.4). 
3.1.4 Discussion of experimental results 
The bulk compositions which were used in these experiments were 
All (3M2S + CAS 2) and GP (3M2S + CAS  + CMS  + 2MS). All experiments were 
run at the temperatures and pressures of the spinel-lherzolite fades. The 
measured clinopyroxene 221 and 310 diffraction peak positions of clinopyroxene 
synthesized in the assemblages forsterite + clinopyroxene + orthopyroxene + 
spinel and forsterite + clinopyroxene + orthopyroxene + spinel + anorthite 
(unreacted) are shown in Fig. 3.1. All the clinopyroxene 221 and 310 
diffraction peak positions of all the charges plot along a common curve. 
Two experiments on All at 1400 0C and 20 and 21 kilobars produced the 
assemblage forsterite + clinopyroxene + orthopyroxene + spinel (the spinel-
lherzolite assemblage). All the experiments on All and GP at 1300 0C and 
various pressures produced the same assemblage and were found to give 
regular variations of cl.inopyroxene 221 and 310 diffraction peak positions 
with change of pressure. 
At 12000C, the experiments on All produced the assemblage forsterite + 
clinopyroxene + orthopyroxene + spinel + anorthite (unreacted), whereas 
experiments at the same conditions on GP produced the spinel-lherzolite 
assemblage with no unreacted anorthite. The clinopyroxene 221 and 310 
diffraction angles from the experiments on All at 1200 0C were found to be 
larger than those obtained from runs on GP at the same temperature and 
pressure. 
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Experiments on All at 1100 0C produced the spinel-lherzolite 
assemblage with unreacted anorthite, whereas two runs on GP at similar 
temperatures and pressures produced the spinel-lherzolite assemblage with 
no unreacted anor,,thite. One run on GP at 1100 0C and 18 kilobars contained 
only minor amounts of unreacted anorthite. The clinopyroxene 221 and 310 
peak positions from the experiments on All at 1100 0C were found to be 
considerably larger than those obtained from runs on GP at the same conditions 
Clearly, the presence of unreacted anorthite with the spinel-lherzolite 
assemblage has had an effect on the compositions of the clinopyroxenes. 
The phase rule requires that 4  E 2 	 can only be attained in 
fo,cpx,opx,sp 
these experiments when no anorthite is present in any of the experimental 
charges. The anorthite-bearing assemblages produced by experiments on All 
at 11000C and 12000C and one experiment on GP at 1100 0C and 18 kilobars are 
not equilibrium assemblages, and the compositions of the clinopyroxenes, 
which have been extracted from Fig. 3.1, are not equilibrium clinopyroxene 
compositions in 
4 
 E 2 	 . All the other experiments performed on fo,cpx,opx,sp 
All and GP contained no observable anorthite, and, therefore, they may be 
considered equilibrium assemblages. The compositions of the clinopyroxenes, 
which have also been derived from Fig. 3.1, are probably equilibrium 
clinopyroxene compositions 
4 
 E 2 	 . Some of the clinopyroxene 221 
fo, cpx,opx, sp 
and 310 diffraction peak positions from individual charges containing no 
observable anorthite varied by +0.007 020 from scan to scan in the x-ray 
diffraction trace. This may indicate that some unreacted anorthite may 
have been present in some of these charges, the quantity being too little 
to be observed. 
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F:rn0 
The variation in the calcium tschermak s molecule (CAS) content 
of clinopyroxene with pressure at various temperatures in the spinel-
lherzolite mineral assemblage. 
The variation in the calcium tscherrnaks molecule content of 
clinopyroxene with pressure at various temperatures in the anorthite-
bearing pinel-lherzolite assemblage is included for comparison. 
Key to the symbols: 
- 	refers to the calcium tschermak's molecule content of 
clinopyroxene in 	 at 1.10000  (explanatior  Ii 
V 	 fo,an=cpx,ppx,sp 
V 	 in the text) 
- 	refers to the calcium tschermak's molecule content of 
clinopyroxene in the above univariant equilibrium at 
120000 (explanation in the text) 
horizontal bar refers to the pressure drift recorded throughout 
the experiment. 
striped rectangle refers to a range of possible compositions. 
- A-A, B-B, CC, D-D, and E-E represent the equilibrium 
variations in the calcium tschermak's molecule content of 
clinopyroxene with pressure in the spinel-lherzolite mineral 
assemblage at 1100°C, 12000C, 12700C, 1300°C, and 14000C respect 
ively. 
- A'-A' and B'-B' represent the variations in the calcium 
tschermak' s molecule content of nonequilibrated clinopyroxene 
in the anorthite-bearing spine 	assemblage at 1100CC  
- 	and 12009C respectively0 
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FIG. j03a 
• The equilibrium variation in the calcium tschermak i s molecule 
content of clinopyroxene with temperature at 12 and 18 kilobars 
(solid isobars) in the spinel-lherzolite mineral assemblage, 
The variation in the calcium tschermak 0 s molecule content of 
nonequilibrated clinopyroxene with temperature at 12 and 18 kilobars 
(broken isobars) in the anorthite-bearing spinel-lherzolite assemblage 
is shown for comparison. 














WtX CAS in Cpx 
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The equilibrium variation in the enstatite content of clinopyroxene 
with temperature at 12 and 18 kilobars (solid isobars) in the spinel- 
lherzolite assemblage 
The variation in the enstatite content of none quilibrated 
clinopyroxene with temperature at 12 and 18 kilobars (broken isobars) 















Wt% MS in Cpx 
• The variation in the enstatite (Ms) content of clinopyroxene 
with pressure at various temperatures in the spinel-lherzolite 
mineral assemblage and the Seiland mineral assemblage.. 
The variation in the enstatite content of clinopyroxene with 
pressure at various temperatures in the anorthite -be axing spinel-
lherzolite mineral, assemblage is given for comparison. 
Key to the symbols: 
- JL refers to the enstatite content of clinopyroxene in 
at 110000 (explanation in the text). 
fo,an=cpx,opx, sp 
- 	
refers to the enstatite content of clinopyroxene in the 
above univariant equilibrium at 1200 0C (explanation in the 
text. 
- horizontal bar refers to the pressure drift recorded throughout 
the experiment0 
striped rectangle refers to a range of possible compositions. 
- A-A, B-B, C-C, D-D, and E-E represent the equilibrium variations 
in the enstatite content of clinopyroxene with pressure in the 
spinel-lherzolite assemblage at 1100O, 1200°C, 1270°C, 1 300'C, 
and 1400°C respectively. 
- A'-A' and B'-B' represent the variations in the enstatite conteni 
of nonequilibrated clinopyroxene with pressure in the anorthite-
bearing spinel-lherzolite assemblage at 1100 0C and 1200°C respecl 
ively0 
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The equilibrium variation in the calcium tschermak's molecule 
content of clinopyroxene with pressure at various temperatures in the spinel-
lherzolite assemblage is shown in Fig. 3.2 by A-A (11000C), B-B (12000C), 
C-C (12700C), D-D (13000C), and E-E (13000C). The low pressure extensions 
of A-A and B-B have been derived in section 3.2 of this chapter (i.e. the 
calcium tschermak's molecule content of clinopyroxene in 
	
- 	 fo, an=cpx,opx,sp 
at 11000C and 12000C). One experiment on GP at ll00 0C and 18 kilobars 
produced no observable anorthite and the resulting calcium tschermak's 
molecule content of the clinopyroxene was found to be considerably lower 
than the equivalent run on All. A second experiment on GP at the same 
conditions was found to give a range of possible calcium tschermak's 
molecule contents, indicated by a sympathetic variability of the 
clinopyroxene 221 diffraction angle with the 310 diffraction angle from 
scan to scan in the x-ray diffraction trace. Minor amounts of anorthite 
was observed optically in this charge. The variability of the 
çlinopyroxene diffraction angles is probably a reflection of real 
clinopyroxene composition. differences in the same charge. Fig. 3.2 shows 
that a large discrepancy exists between the equilibrium calcium tschermak's 
molecule content of clinopyroxene in 4 E 	 at 11000C and those 1o,cpx,opx,sp 
synthesized from All at 11000C (A1-A1 ). This discrepancy is considerably 
less in the 1200 0C experiments (B1-B1 )- . Runs on All at 1100 0C have anorthite 
observable optically and in the x-ray diffraction traces, whereas those at 
12000C on All have anorthite observable only optically. Fig. 3.3a has been 
constructed from 3.2 in order to illustrate the effect of unreacted anorthite 
on the calcium tschermak's molecule content of clinopyroxene. The solid 
isobars represent the equilibrium variation in the calcium tschermak's 
molecule content of clinopyroxene with temperature in the spinel-lherzolite 
assemblage. The dashed isobars represent the variation in the calcium 
tschermak's molecule content of nonequilibrated clinopyroxene with 
temperature which were synthesized in the presence of unreacted anorthite 
in the spinel-lherzolite assemblage. At high temperatures, the calcium 
tschermak's molecule content of clinopyroxene is constant at any one 
temperature and pressure, irrespective of the bulk composition used in the 
experiment. At low temperatures the calcium tschermak's molecule content 
of clinopyroxene depends on the amount of anorthite present in the charges. 
Fig. 3.4 shows the variation in the enstatite content of clinopyroxene 
with pressure at various temperatures. The enstatite contents of the 
clinopyroxenes have been derived from Fig. 3.1. Included in this diagram 
are the enstatite contents of clinopyroxenes synthesized in 
4 
 E 2 
an,cpx,opx,sp 
(section 3.2 of this chapter). A-A, B-B, C-C, D-D, and E-E represent the 
equilibrium variation in the enstatite content of the clinopyroxene 
synthesized in 
4 
 E 2 	 with pressure at 11000C, 12000C, 12700C, fo , cpx, opx, sp 
13000C, and 14000C respectively. A' -A' and B' -B' represent the enstatite 
contents of the nonequilibrated clinopyroxenes synthesized from All at 
11000C and 12000C respectively at various pressures in the anorthite-bearing 
spinel-lherzolite assemblage. The presence of unreacted anorthite in these 
syntheses tends to increase the amount of enstatite in clinopyroxene solid 
solution relative to those of the equilibrium clinopyroxene compositions 
at the same temperature. Fig. 3.3b has been constructed from Fig. 3.4 at 
12 and 18 kilobars in order to illustrate the effect of unreacted anorthite 
on the enstatite content of clinopyroxene. The dashed isobars in this 
figure represent the enstatite contents of nonequilibrated clinopyroxenes 
at various temperatures which were synthesized with unreacted anorthite in 
0.1 
the spinel-lherzolite assemblage. The solid isobars are the equilibrium 
enstatite contents of clinopyroxenes synthesized in the spinel-lherzolite 
assemblage at various temperatures. 
3.1.5 Discussion of kinetic problems 
It has not yet been understood whether the observed differences 
in calcium tschermak's molecule and enstatite contents of the clinopyroxenes 
synthesized in the two different starting materials at low temperatures can 
be attributed to real kinetic differences or to different initial modal 
amounts of anorthite in the starting materials. It is to be expected that 
the rates of reaction of high pressure syntheses will be strongly reduced 
at temperatures below 1200 0C for most simple anhydrous silicate systems, 
and that non-equilibration during synthesis will be the rule rather than 
the exception. However, it is possible that the presence of stable high 
pressure phases in the starting material will lower the activation energy 
required to synthesize the high pressure assemblage. This may tend to 
speed up the rate of reaction. In this way, it is possible that the 
pyroxenes present in the starting material GP lowered the activation energy 
which would normally have been required to nucleate the high pressure 
pyroxenes, thereby bringing the low temperature syntheses on GP closer to 
completion of reaction than the equivalent runs on All. Alternatively, 
the differences in clinopyroxene composition may be due to GP having less 
modal anorthite present than All. The overall effect of minor amounts of 
unreacted anorthite on the clinopyroxene composition would thus be 
comparatively less for syntheses on GP relative to those on All. 
Two 'pseudorèversals T were performed on All in order to gain some 
information on the rate at which the clinopyroxene compositions change with 
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changing temperature and pressure throughout the duration of the run. 
Run number AII-31 was initially held at 12000C and 12 kilobars for the 
first 8 hours. The temperature was then dropped to 1100 0C and the pressure 
increased to 15 kilobars, and the experiment was allowed to run for a 
further 12 hours. The clinopyroxene composition of this charge contained 
the amount of enstatite in solid solution predicted in the previous runs 
at 12000C on All at 12 kilobars, but the amount of calcium tschermak's 
molecule in solid solution was found to be similar to that of the 
clinopyroxene synthesized AII-32 at 11000C and 15 kilobars. Run number 
AII-3 was initially held at 1100 0C and 15 kilobars for the first 14 hours. 
The temperature was then raised to 1200 0C and the pressure decreased to 
10 kilobars, and the experiment was allowed to run for a further 11 hours. 
The resulting clinopyroxene composition contained the amount of enstatite 
and calcium tschermak's molecule in solid solution as predicted from other 
runs on All at 12000C and 10 kilobars. Both charges contained unreacted 
anorthite. The results of these two experiments show: 
that although the clinopyroxene compositions change with changes 
in temperature and pressure, experimental run durations much longer 
than 25 hours are required to eliminate all the anorthite at 1100 0C 
to 1200°C. 
high temperature clinopyroxenes retain their high temperature enstatite 
content in solid solution but lose their calcium tschermak's molecule 
when cooled rapidly to a lower temperature. The molecular volume 
changes of the diopside-enstatite and the diopside-calcium tschermak's 
molecule solid solution series provided by Clark et al. (1962) show 
that the diopside-enstatite solid solution series is more 'ideal' than 
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The equilibrium varition in the alumina content of clinopyroxene 
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The equilibrium variation in the enstatite content of clinopyroxene 
with temperature at various pressures in the spinel-lherzolite and 
Seiland mineral assemblages. 
Only the 10 12 14 s and part of the 16 kilobar isobars are 
relevant to the Seiland mineral assemblage. 
30 kb solvus 










1 Atm solvus 






0 	5 	10 	15 	20 	25 	30 	35 	40 	45 
Wt% MS in Cpx 
1400 
The equilibrium variations in the enstatite and the alumina 
contents of clinopyroxene With temperature and pressure in the spinel-
lherzolite mineral assemblage. 	 - 
Solid numbered lines represent the alumina content of clinopyroxene 
in the spinel-lherzolite assemblage (in weight percent). The broken 
numbered lines are extrapolated alumina contents of clinopyroxene 
in the spinel-lherzolite assemblage. 
Narrow-spaced dashed lines represent the enstatite content of 
clinopyroxene in the spinel-lherzolite assemblage (in weight percent) 
The Wide-spaced dashed lines are extrapolated enstatite contents of 
clinopyroxene in the spinel-lherzolite assemblage. 
The plagioclase-lhcrzolite to spinel-lherzolite fades boundary 
in the system C - M - A - S is shown by (i) 
The spinel-lherzolite to garnet-lherzolite facies boundary in the 
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the diopside-calcium tschermak's molecule solid solution series. 
Rapid cooling from high to low temperatures will, therefore, favour 
retention of enstatite relative to calcium tschermak's molecule in 
clinopyroxene. A long duration of time is probably required for the 
low temperature clinopyroxenes to re-equilibrate. 
3. 	low temperature clinopyroxenes compositions tend to change to their 
high temperatures compositions in a relatively shorter period of time 
than 2 above. 
3.1.6 Representation of equilibrium experimental data 
Whilst Figs. 3.2 and 3.4 are suitable diagrams for representing 
the raw experimental data, they can be awkward to use. In this section, 
the equilibrium enstatite and calcium tschermak's molecule contents of 
clinopyroxene in 
4 
 E 2 	 have been plotted differently in order to fo,cpx,opx, sp 
clarify the variation of clinopyroxene composition with temperature and 
pressure. 
Fig. 3.5 is another method of representing the data shown in Fig. 3.2. 
Its construction is derived from A-A, B-B, C-C, D-D, and E-E of Fig. 3.2 
and it describes the equilibrium variation of alumina in clinopyroxene solid 
solution in 
4 
 E 2 	 with temperature at various isobars. The alumina fo , cpx , opx, sp 
content has been calculated from the weight percent alumina in calcium 
tschermak's molecule (0.467% A1 203 ). To preserve clarity the actual data 
points from Fig. 3.2 have been omitted. 
Fig. 3.6 shows the equilibrium variation of enstatite in clinopyroxene 
solid solution in 4E2 fo, cpx,opx, sp with temperature at various isobars. Its 
construction is derived from A-A, B-B, C-C, D-D, and E-E of Fig. 3.4. To 
preserve clarity the actual data points have been omitted. Part of the clino-
pyroxene solvus at 30 kilobars in the system C-M-S (Davis and Boyd, 1966) 
k 
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as well as part of the atmospheric pressure solvus (Boyd and Schairer, 1964) 
have been shown for comparison. 
Fig. 3.7 shows the variation in alumina and enstatite of clinopyroxene 
solid solution with temperature and pressure in the spinel-lherzolite mineral 
assemblage. Its construction is derived from Figs. 2.1, 3.5, 3.6, and A of 
Fig. 5 from O'Hara et al. (1971). All the pressure and temperature run 
conditions used in the construction of Figs. 3.2 to 3.6 are shown; however, 
to preserve clarity the actual alumina and enstatite contents for each 
synthesis have been omitted. 
3.1.7 Interpretation and application of experimental results 
The observed small decrease in the amount of alumina in 
clinopyroxene solid solution with increasing pressure at constant 
temperature in the spinel-lherzolite assemblage is consistent with the 
small positive volume change of the alumina-controlling reaction (Eq. 3.1). 
However, because the enstatite end-member of clinopyroxene solid solution 
varies sympathetically with variations in the amount of alumina of the 
clinopyroxene solid solution, as is shown by the parallel enstatite and 
alumina isopleths in Fig. 3.7, the overall clinopyroxene-composition 
variation can be expressed in terms of variations in magnesium tschermak's 
molecule (MAS). The following expression may, therefore, more accurately 
describe the variation in clinopyroxene-composition with temperature and 
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pressure in E 	 : fo, cpx, opx, sp 
CMS  +2MS + MA CNS 2 NAS + M 
2 S 
	tV= +3.3 (X) 3 	(Eq. 3.4) 
The reaction of the starting material 3forsterite (M 2S) + anorthite (CAS 
2 )
to produce the equilibrium spinel-lherzolite assemblage should proceed in 
the following manner.: 
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3M2  + CAS 2 - (1-z)CMS 2 'zMAS + 2(1-z-b)MSzMAS'bCMS 2 + (1-2z)MA + (l+2z)M2S 
(clinopyroxene) 	(orthopyroxene) 	(spinel) 	(forsterite) 
- (Eq. 3.5) 
- where z and b are less than one and constant at any one temperature 
and pressure (O'Hara, 1967c). 
The parallel nature of the enstatite and alumina isopleths of 
clinopyroxene in the spinel-lherzolite assemblage in temperature-pressure 
space, shown in Fig. 3.7, renders this mineral a potentially good indicator 
of the temperatures of equilibration of spinel-lherzolites. However, little 
information on the pressures of equilibration can be obtained. 
3.2 	Variations inclinopyroxene compositions in the assemblage anorthite + 
clinopyroxene + orthopyroxene + spinel 
3.2.1 Introduction 
Kushiro and Yoder (1966) recognised that the clinopyroxenes and 
orthopyroxenes synthesized in the assemblage anorthite + clinopyroxene + 
orthopyroxene + spinel were highly aluminous at high temperatures and 
pressures. They observed progressively increasing amounts of pyroxenes in 
their x-ray diffraction traces concomitant with progressively decreasing 
amounts of anorthite and spinel with increasing temperatures and pressures. 
The assemblage anorthite + clinopyroxene + orthopyroxene + spinel is 
in divariant equilibrium at pressures above those where forsterite and 
anorthite become unstable (Fig. 2.1) and below those where pyrope-rich 
garnet becomes stable (Fig. 2.2). Kushiro and Yoder (1966) suggested that 
the alumina-controlling reaction of the pyroxenes in this equilibrium 
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(E 	 )maybe: an, cpx,opx, sp 
CAS  + MA CAS + MAS AV = -26.9 (A) 3 	(Eq. 3.6) 
The reaction of the starting material forsterite (M 2S) + anorthite (CAS 
2 ) 




 S + CAS 2 —(l-x-y-b) CMS 2 xCASyMS + (2-2x-y-2b)NSxMASbCMS 2 + (1-x)CAS 2 + 
(clinopyroxene) 	 orthopyroxene) 	(anorthite) 
(l-x)MA 
(spinel) 
- where x, y, and b are less than one and are constant at any one 
temperature and pressure. 
- (Eq. 3.7) 
The purpose of this experimental work has been to gain some information 
on the change of clinopyroxene composition with temperature and pressure in 
mineral assemblages which are basic, rather than ultrabasic, in composition. 
The assemblage clinopyroxene + orthopyroxene + anorthite + spinel was 
synthesized at various temperatures and pressures of the Seiland mineral 
subfacies. From these syntheses, the values of x and y of the clinopyroxenes 
(Eq. 3.7) were determined by measuring the clinopyroxene 221 and 310 
diffraction peak positions and then by plotting them in Fig. 3.1. 
3.2.2 Discussion of experimental results 
The bulk compositions which were used in these experiments were 
Alil (M2S + CAS 2), H-13 (5M2S + 5CAS 2 + CMS 2 ), and H-14 (3M2S + 3CAS 2 + CNS 2 ). 
All experiments were run at the temperatures and pressures of the Seiland 
mineral subfacies. The measured clinopyroxene 221 and 310 diffraction peak 
positions of clinopyroxene compositions synthesized in the assemblages 
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anorthite + clinopyroxene + orthopyroxene + spinel (the Seiland mineral 
assemblage) and anorthite + clinopyroxene + orthopyroxene + spinel + 
forsterite (unreacted) are shown in Fig. 3.1. All the clinopyroxene 
diffraction peak positions of all the charges synthesized at the same 
temperature plot along a common curve. 
The experiments on Alil and H-14 produced the assemblage anorthite + 
clinopyroxene + orthopyroxene + spinel (the Seiland mineral assemblage) at 
13000C, and were found to give regular variations in the clinopyroxene 221 
* 
and 310 diffraction angles with change of pressure (A-S of Fig. 3.1). 
Experiments on Alil at 12000C produced the assemblage anorthite + 
clinopyroxene + orthopyroxene + spinel + forsterite (unreacted) and were 
found to give clinopyroxene 221 and 310 diffraction angles consistently 
larger than those from experiments on 11-13 at the same conditions. 
Experiments on 11-13 at 1200 0C produced the Seiland mineral assemblage with 
no unreacted forsterite. The clinopyroxene 221 and 310 diffraction angles 
of clinopyroxenes synthesized from Aill and 11-13 at 1200 0C plot along a 
common curve, indicated as A' -S' in Fig. 3.1. 
Experiments on Alli at 11000C produced the Seiland assemblage with 
some unreacted forsterite and were found to give clinopyroxene 221 and 310 
diffraction angles consistently larger than those from experiments on 11-14 
at the same conditions. The experiments on 11-14 at 1100 0C produced the 
Seiland assemblage with no observable unreacted anorthite. The clinopyroxene 
221 and 310 diffraction angles of clinopyroxenes synthesized from Alil and 
11-14 at 11000C plot along a common curve, indicated A''-S" in Fig. 3.1. 
Minor amounts of unreacted forsterite, however, may have been present in 
the experimental charges of 11-14 at 1100 0C. This was indicated by a range 
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The variation in the calcium tschermak t s molecule (CAS) content 
of clinopyroxene with pressure at various temperatures in the 
Seiland mineral assemblage0 
The variation in the calcium tscherrnak's molecule content of 
none quil ibrated clinopyroxefle with pressure at various temperatures 
in the forsterite-bearing Seiland assemblage is given for comparison0 
Key to the symbols: 
- 	refers to the calcium tschermak's molecule content of 
clinopyroxene in 
4EI at ilOO°C. 
fo, an=cpx, opx, sp 
-refers to the calcium tschertnak's molecule content of 
clinopyroxene in the above univariarit equilibrium at 1200 0C. 
- A-A, B-B, and C-C represent the equilibrium variations in the 
calcium tschermak' s molecule content of clinopyroxene with 
pressure in the Seilarid assemblage at 11000C, 12000C, and 
13000C respectively. 
- A'-A' and B'-B' represent the variations in the calcium 
tscherma k' s molecule content of none quilibrate d clinopyroxene 
with pressure in the forsterite-bearing Seilana assemblage at 
11000C and 12000C respectively. 
- horizontal bar refers to the pressure drift recorded throughout 
the experiment. 	 -. 
- striped rectangle refers to a range of possible compositions. 
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The variation in the enstatite (Ms) content of clinopyroxefle 
with pressure at various temperatures in the Seiland mineral 
assemblage. 
The variation in the enstatite content of nonequilibrated 
clinopyroxene with pressure at various temperatures in the forsterite-
hearing Seiland assemblage is shown for comparison. 
Key to the symbols: 




refers to the enstatite content of clinopyroxene in the 
above univariant equilibrium at 1200
0
C. 
- horizontal bar refers to the pressure drift recorded throughout 
the experiment. 
- striped rectangle refers to a range of possible compositions. 
- A-A, B-B, and C-C represent the equilibrium variations in the 
• enstatite content of clinopyroxene with pressure in the Seiland 
assemblage at 1100°C, 12000C, and 13000C respectively. 
- A'-A' and B'-B' represent the variations in the enstatite 
content of none quilibrated clinopyroxefle in the forsterite- 
bearing Seiland assemblage at 11000C and 12000C respectively. 
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of possible compositions of clinopyroxene in each charge. A sympathetic 
variation of the position of the clinopyroxene 221 diffraction angle with 
variations in the position of the 310 diffraction angle in the x-ray scans 
of the same charge was observed. Clearly, the presence of unreacted 
forsterite in the Seiland mineral assemblage has had an effect on the 
compositions of the clinopyroxenes. 
The phase rule requires that 4 E 	 can only be attained in 
an,cpx,opx, sp 
these experiments when no forsterite is present in any of the experimental 
charges. The forsterite-bearing assemblages produced by experiments on 
Aill at 11000C and 12000C are not equilibrium assemblages, and the 
compositions of the clinopyroxenes, which have been determined from Fig. 3.1, 
are not equilibrium compositions in 4 2 E 	 . All the other 
an,cpx,opx, sp 
experiments on Alli, H-13, and H-14 are probably equilibrium assemblages, 
since no forsterite in any of these charges has been directly observed. 
The compositions of the clinopyroxenes, which have also been determined 
from Fig. 3.1, are probably equilibrium clinopyroxcne compositions in 
4E 2 an, cpx, opx, sp 
The equilibrium variation in the calcium tschermak's molecule content 
of clinopyroxene in 4E2 an, cpx, opx, sp with pressure at various temperatures 
is indicated in Fig. 3.8 by A-A (1100°C), B-B (1200 0C), and C-C (13000). 
The variation in the calcium tschermak's molecule content of the none-
equilibrated clinopyroxenes with pressure in the Seiland assemblage 
containing unreacted forsterite is indicated in Fig. 3.8 by A' -A' (1100 0C) 
and B' -B' (12000C). X-ray diffraction scans of charges of Aill that were 
synthesized at 1100 0C showed that the forsterite 130 diffraction peak 
intensities were higher than those of charges of Alil that were synthesized 
at 12000C. There appears to be a correlation between the amount of unreacted 
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forsterite present in the syntheses on Alli and the degree to which the 
calcium tscherinak's molecule content of the clinopyroxenes in these 
syntheses differ from the equilibrium calcium tschermak's molecule content 
of clinopyroxenesin the Seiland assemblage. The discrepancies in the 
calcium tschermak's molecule content between the equilibrated 
clinopyroxenes and the non-equilibrated clinopyroxenes are greatest at 
high pressures and low temperatures and lowest at low pressures and high 
temperatures. At 1300 0C no discrepancy exists. 
The variations in the enstatite content of equilibrated and non-
equilibrated clinopyroxenes with pressure at various temperatures are shown 
in Fig. 3.9. A-A, B-B, and C-C show the equilibrium variation of the 
enstatite content of clinopyroxene in 
4 
 E 2 	 with pressure at 
an,cpx,opx,sp 
11000C, 12000C, and 1300 0C respectively. A' -A' (1100 0C) and B' -B' (12000C) 
show the variations in the enstatite content of non-equilibrated 
clinopyroxenes with pressure in the Seiland assemblage containing some 
unreacted forsterite. 
The coincidence of the equilibrium and non-equilibrium clinopyroxene 
compositions at low pressures, shown in Figs. 3.8 and 3.9, indicate that 
unreacted forsterite in the experimental charges which were synthesized at 
low pressures had no significant effect on the composition of the clino-
pyroxene. At higher pressures, however, unreacted forsterite in the 
experimental charges significantly affects. the clinopyroxene composition. 
Interpolation of all the calcium tschermak's molecule and enstatite 
determinations in the clinopyroxenes of all the syntheses to low pressures 
accurately fixes the clinopyroxene compositions along those temperatures 
and pressures defining 4 E 	 (Fig. 2.1). fo , an=cpx, opx, sp 
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FIG. 31O 
• The equilibrium variation in the alumina content of clinopyroxene 
with temperature at various pressures in the Seilana mineral assemblage 
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The equilibrium variations in the alumina and enstatite contents 
of clinopyroxene with temperature and pressure in the Seiland mineral 
assemblage. 
Solid numbered lines represent the alumina contents of 
clinopyroxene in the Seilarid assemblage (in weight percent). 
Broken numbered lines are extrapolated alumina contents of 
clinopyroxene. 
Narrow-spaced dashed lines represent the enstatite contents 
of clinopyroxene in the Seiland assemblage (in weight percent). 
The wide-spaced dashed lines are extrapolated enstatite contents 
of clinopyroxene0 
The plagioclase-lherzolite to spinel-lherzolite fades boundary 
in the system C - M - A - S is shown by (i) 
The Seiland subfacies to arieite subfacies boundary of the 
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3.2.3 Discussion of kinetic problems 
The discussion of kinetic problems in section 3.1.5 of this chapter 
applies to similar problems encountered in the syntheses of the Seiland 
assemblage. Because the rate of reaction is strongly temperature 
dependent, the low temperature syntheses are only partially reacted. 
The effect of unreacted forsterite on the composition of clinopyroxenes 
synthesized in the Seiland mineral assemblage differs from the effect of 
unreacted anorthite on the composition of clinopyroxenes synthesized in 
the spinel-lherzolite assemblage. Starting materials which contained 
clinopyroxene were found to be important in minimizing the amount of 
unconsumed reactants in the high pressure syntheses. 
3.2.4 Representation of equilibrium experimental data 
In this section, the equilibrium experimental data shown in Figs. 
3.8 and 3.9 have been plotted differently in order to clarify the change 
of clinopyroxene composition in 
4 
 E 2 	 with temperature and an,cpx,opx,sp 
pressure. Fig. 3.10 shows the equilibrium variation in the alumina content 
of clinopyroxene with temperature at various pressures in an, cpx , opx, sp 
Its construction is derived from A-A, B-B, and C-C of Fig. 3.8. The alumina 
content has been calculated from the weight percent alumina in calcium 
tschermak's molecule (0.467% A1 203 in calcium tschermak's molecule). To 
preserve clarity, the actual data from Fig. 3.8 have been omitted. 
The equilibrium enstatite contents of clinopvroxene in E 2 an,cpx,opx,sp 
shown in Fig. 3.9 have been plotted together with the equilibrium enstatite 
contents of clinopyroxenes synthesized in the spinel-lherzolite assemblage 
shown in Figs. 3.4 and 3.6. Within the limits of analytical and experimental 
error, the two separate sets of data illustrate that the enstatite content of 
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clinopyroxene in 
4  E 2 	 is coincident with the enstatite content an,cpx,opx,sp 
of clinopyroxene in 4E2 fo,cpx,opx,sp 
 at the same temperature and pressure. 
All the isobars shown in Fig. 3.6 are relevant to the change of the 
enstatite content of clinopyroxene in 
4 
 E 	 at the temperatures fo ,cpx,opx, sp 
and pressures of the spinel-lherzolite mineral facies. However, only part 
of the 10, 12, 14, and 16 kilobar isobars are relevant to the change of the 
enstatite content of clinopyroxene in 
4 
 E 2 	 at the temperatures 
an,cpx,opx,sp 
and pressures confined to those of the Seiland mineral subfacies. 
Fig. 3.11 has been constructed from Figs. 2.1, 2.2, 3.6, and 3.10. 
All the experimental temperature and pressure conditions used in the 
construction of Figs. 3.8 and 3.9 have been shown. To preserve clarity 
of the diagram, the actual alumina and enstatite contents of the clinopyroxene 
have been omitted. 
3.2.5 Interpretation and application of experimental results 
The observed major increase in the alumina content of clinopyroxene 
in E an, cpx, opx, sp with increasing pressure at constant temperature is 
consistent with the large negative volume change of the alumina-controlling 
reaction Eq. 3.6. It was observed in these experiments, as well as those 
of Kushiro and Yoder (1966), that the amounts of anorthite and spinel 
progressively decrease as the pyroxenes increase in alumina content. This 
strengthens the conclusion that Eq. 3.6 is the reaction controlling the 
alumina content of clinopyroxenes in the Seiland mineral assemblage. 
The cross-cutting attitudes of the alumina and enstatite isopleths 
of clinopyroxene shown in Fig. 3.11 renders this mineral a potentially 
strong geothermometer and geobarometer of simple spinel-bearing pyroxene 
granulite or Seiland-type mineral assemblages. 
r] 
3.3 	Variations in clinopyroxene compositions in the assemblages 
garnet + clinopyroxene + orthopyroxene + spinel and garnet + 
clinopyroxene + orthopyroxene 
3.3.1 Introduction 
The assemblage garnet + clinopyroxene + orthopyroxene + spinel 
(the arigite assemblage) is stable at pressures higher than those of the 
Seiland subfacies to arigite subfacies boundary (Fig. 2.2) and lower than 
those of the spinel-lherzolite to garnet-lherzoiite facies boundary 
(OtHara et al., 1971). The purpose of this section is to illustrate how 
the compositions of clinopyroxenes in arigite mineral assemblages vary 
with temperature and pressure in the arigite mineral subfacies. The 
compositions of clinopyroxenes in arigites at various temperatures and 
pressures were estimated from interpolations made of the experimental 
results of sections 3.1 and 3.2 of this chapter. Several experiments 
were performed in order to assess the interpolations made. 
3.3.2 Interpolation and experimental determination of variations in 
clinopyroxene compositions in the arigite mineral assemblage 
The univariant equilibrium representing the development of the 
arigite mineral assemblage from the lower pressure Seiland assemblage 
can be written: 
4MS + MA + CAS  + CMS 	CM5A2S6 + CMS 	(Eq. 3.8 - derived from Chapter 2.2 
In Chapter 2.2 the equilibrium involving garnet of the composition CM5A2 S 6 
with clinopyroxene and orthopyroxene in arigites and garnet-lherzolites 
was discussed. The univariant equilibrium representing the development 
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of the garnet-lherzolite mineral assemblage from the lower pressure 
arigite mineral assemblage can be written: 
CMS  + 6MS + 2MA 	CM5A2S6 + 2M6 S 	(Eq. 3.9) 
Interpolated clinopyroxene compositions in arigites at any 
temperature and pressure of the arigite mineral subfacies must satisfy 
the following conditions: 
the variation of clinopyroxene composition in 4E2 	 with gt,cpx,opx,sp 
temperature and pressure must be partially or wholly controlled by 
a reaction involving clinopyroxene and garnet of the composition 
CM5A2 S6 (from Eqs. 3.8 and 3.9). 
clinopyroxene compositions in 4  E 2 	 must be approximately gt, cpx, opx, sp 
equal to clinopyroxene compositions in 
4 
 E 2 	 where the 
an, cpx, opx, sp 
temperature and pressure conditions of both divariant equilibria are 
infinitesimally removed from the conditions of 
(cpx) ,opx,an,sp=gt, (cpx) 
clinopyroxene compositions in 4E2 	 must be approximately gt,cpx,opx,sp 
equal to clinopyroxene compositions in 4  E 2 	 where the fo , cpx,opx, sp 
temperature and pressure conditions of both divariant equilibria are 
infinitesimally removed from the conditions of 
cpx, opx, sp=gt,fo 
The interpretations of the experimental data in sections 3.1 and 3.2 
of this chapter have been extrapolated to the spinel-lherzolite to garnet-
lherzolite mineral facies boundary and the Seiland subfacies to arigite 
subfacies boundary. These have been shown, in Figs. 3.7 and 3.11. The 
compositions of the clinopyroxenes in 4E 1 	 and in 
(cpx) ,opx,an,spgt, (cpx) 
cpx,opx,sp=gt, fo are, therefore, known. From these known compositions 
and conditions 2 and 3 above, Fig. 3.12 has been constructed. Fig. 3.12 





The equilibrium variations in the alumina and enstatite contents 
of clinopyroxene with temperature and pressure in the arigite and 
garnet-websterite mineral assemblages. 
Solid triangles represent the alumina contents of clinopyroxene 
	
11 	 14.,1 in .s and .r 	 . Open triangles (cpx) 9 opx,an,sp-gt(cpx) 	cpxopx,sp=fo,gt 
represent extrapolated alumina contents of clinopyroxene in the above 
univariant equilibria.. The solid lines represent the alumina contents 
of clinopyroxene in the arigite and garnet-websterite mineral 
assemblages. The broken lines represent the extrapolated alumina 
contents of clinopyroxene in the ariégite and garnet-websterite 
assemblages. 
Solid squares represent the enstatite contents of clinopyroxene 
in the above univariant equilibria. Open squares represent extrapolated 
enstatite contents of clinopyroxene in the above u.nivariant equilibria. 
Narrow-saced dashed lines represent the enstatite contents of 
clinopyroxene in the arigite and garnet-websterite mineral assemblages 
The wide-spaced dashed lines represent the extrapolated enstatite 
contents of clinopyroxene in the a.rigite and garnet-websterite mineral 
assemblages. 
in the system C - - A - S is snovrn 
(cpx) ,opx,an, sp=gt, (cpx) 
by (ii). 
in the system C - M - A - S is shown by (Iii) 
cpx,opx sp=fo,gt 
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the arigite mineral assemblage in temperature-pressure space. 
Included in Fig. 3.12 are the compositions of the clinopyroxeries 
which were synthesized in four experiments on the bulk compositions Al-S' 
(S' =8 wt% pyrope seeds) and Al-S (S= 8 wt% seeds of pyrope 85wt%-
grossularl5wt%) at the temperatures and pressures of the arigite mineral 
subfacies. High temperature experiments were selected in order to avoid 
the kinetic problems discussed in sections 3.1.5 and 3.2.3 of this chapter. 
Since the bulk compositions used in these experiments are contained within 
CMS 2-NS-CM5A2 S 6 of the 'plane' CS-MS-A in the system C-M-A-S, clinopyroxene, 
orthopyroxene, and garnet were the only phases produced in these experiments. 
No spinel was produced. The compositions of the clinopyroxenes were 
determined from their 221 and 310 diffraction peak positions. These 
compositions are tabulated in Fig. 3.12 as well as in Appendix C.2.2. 
3.3.3 Discussion and interpretation of results 
The compositions of the clinopyroxenes determined experimentally 
are consistent with the interpolated positions of the alumina and enstatit.e 
isopleths of clinopyroxene shown in Fig. 3.12 for the arigite mineral 
assemblage. This indicates that the composition of a clinopyroxene in an 
arigite mineral assemblage at any temperature and pressure in the arigite 
mineral subfacies is controlled by a reaction involving garnet of the 
composition CM5A2S6 as the only aluminous phase donating alumina to the 
clinopyroxene. The most likely reaction is: 
4MS + MAS + CAS 	CM5A2S6 	1W = -42.3 (A) 3 (Eq. 3.10) 
Eq. 3.10 satisfies condition 1 above. 
Eq. 3.10 suggests that spinel, in arigite mineral assemblages, behaves 
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mainly as an extra phase in bulk compositions appropriate to its 
stability, and that it does not appreciably affect the composition of 
the co-existing clinopyroxene. Garnet of the composition CM 5A2S 6 , diopside, 
calcium tschermak's molecule, magnesium tschermak's molecule, enstatite, 
and the bulk compositions used in these experiments (AT-S and AI-S') all 
lie within the plane CS-MS-A in C-M-A-S. This suggests that the compositions 
of the clinopyroxenes synthesized with garnet and orthopyroxene also lie 
within the plane CS-MS-A; therefore, they are probably stoichiometric 
clinopyroxenes. This in turn suggests that the clinopyroxenes synthesized 
in the spinel-lherzolite and Seiland mineral assemblages discussed in 
sections 3.1 and 3.2 of this chapter are also stoichiometric clinopyroxene 
compositions. This is in contrast with significant amounts of dissolved 
silica reported in a.luminous diopsides synthesized by Kushiro (1969) along 
the join diopside-anorthite at high pressures and with forsterite dissolved 
in clinopyroxenes synthesized with forsterite at atmospheric pressure by 
Biggar and O'Hara (1969c). Chapman (1974) and Dickey (1970) have shown that 
significant amounts of spinel may be dissolved in clinopyroxenes in spinel-
clinopyroxenites at high temperatures and pressures. 
Suitable compositions which are richer in silica than those on the 
plane CS-MS-A can develop the assemblage anorthite + clinopyroxene + 
orthopyroxene + garnet or quartz + clinopyroxene + orthopyroxene + garnet 
at the pressures of the arigite mineral subfacies (Chapter 5). Eq. 3.10 
may also represent the reaction which controls the alumina content of the 
clinopyroxenes in these assemblages. The experimental results of Kushiro 
(1969) indicate, however, that the clinopyroxenes in anorthite-and quartz- 
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bearing assemblages at high pressures may have significant amounts of 
silica or anorthite dissolved non-stoichiometrically. 
The slopes of the alumina isopleths in Fig. 3.12 are consistent 
with those expected from the large negative molecular volume change of 
Eq. 3.10. The curvature to the alumina isopleths at high temperatures 
suggest that AS and iW are not constant for the reaction represented by 
Eq. 3.10. This may be an important factor contributing to the strong 
curvatures to the Seiland subfacies to arigite subfacies boundary 
(Fig. 2.2) and the spinel-lherzolite to garnet-lherzolite facies boundary 
.(O'Hara et al., 1971) at high temperatures. 
The cross-cutting attitudes of the alumina and enstatite isopleths 
of clinopyroxene shown in Fig. 3.12 renders this mineral a potentially 
good geothermometer and geobarometer of arigites, garnet-websterites, and 
possibly garnet granulites containing clinopyroxene + orthopyroxene + 
garnet + anorthite + quartz. 
3.4 	Conclusions 
The compositions of clinopyroxene solid solutions synthesized in 
these experiments from synthetic basic and ultrabasic compositions in the 
system C-M-A-S at the temperatures and pressures of the spinel-lherzolite 
fades are probably equilibrium compositions at high temperatures. 
Equilibrium may not be fully reached in the low temperature syntheses. 
The degree to which equilibrium is approached is dependent on the temperature 
and the phases present in the starting material. The degree of attainment 
of equilibrium can be assessed semi-quantatively by the presence or absence 
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of incompletely consumed reactants in the charge. Because of 
equilibration uncertainties in the low temperature experiments, the 
resulting temperature-pressure diagrams showing the change of clinopyroxene 
solid solution can only be properly considered 'synthesis' diagrams. 
However, to preserve clarity and simplicity, the clinopyroxene composition 
at any temperature and pressure in a given stable assemblage, such as 
forsterite + clinopyroxene + orthopyroxene + spinel, which may have been 
close to reaching equilibrium in the experiment performed, is referred to 
asclinopyroxene in equilibrium in that phase assemblage, as 
•42 E 	 implies. fo, cpx,opx, sp 
Equilibrium clinopyroxene compositions in magnesian spinel-lherzolite 
mineral assemblages are compositionally sensitive to changes in temperatures 
and are relatively insensitive to changes in pressures. The composition 
of clinopyroxene is potentially useful as a geothermometer of equilibrated 
spinel-lherzolites. 
Equilibrium clinopyroxene compositions in magnesian Seiland-type 
mineral assemblages may exhibit a wide range of alumina contents depending 
upon the temperature and pressure. The cross-cutting attitudes of the 
alumina and enstatite isopleths of clinopyroxene in temperature-pressure 
space renders it a potentially useful geothermometer and geobarometer of 
spinel-bearing pyroxene granulites which have equilibrated in the spinel- 
lherzolite mineral facies. 
Clinopyroxene in equilibrium with garnet and orthopyroxene is 
compositionally sensitive to changes in temperature and pressure. The 
presence of stable spinel, plagioclase, or quartz in clinopyroxene, 
orthopyroxene-, and garnet-bearing assemblages may affect the clinopyroxene 
55 
composition non-stoichiometrically; however, the equilibrium reaction 
relationship between stoichiometric clinopyroxene, orthopyroxene, and 
garnet will probably remain unaffected. The cross-cutting attitudes of 
the alumina and enstatite isopleths of clinopyroxene in temperature-pressure 
space renders this mineral a potentially strong geothermometer and geo-
barometer of magnesian arigites, garnet-websterites, and possibly garnet 
granulites and orthopyroxene-quartz-garnet-clinopyroxenites (clinopyroxene + 
orthopyroxene + garnet + plagioclase + quartz) which have equilibrated in 
the arigite mineral subfacies. 
The diopside solvus in the system C-M-S at atmospheric pressure 
(Boyd and Schairer, 1964) and at 30 kilobars (Davis and Boyd, 1966), and 
the aluminous clinopyroxene-enstatite solvi in the system C-M-A-S at the 
temperatures and pressures developing spinel-lherzolite and spinel-pyroxene 
granulite assemblages, suggest that clinopyroxene can hold little enstatite 
in solid solution at temperatures below 700 0C to 8000C, irrespective of 
whether alumina is in the system or not. 
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CHAPTER 4 
EFFECTS OF PRESSURE ON THE CHANGES OF PYROXENE COMPOSITION 
4.1 Introduction 
In Chapter 3, the subsolidus reactions which were written to 
represent the control of the clinopyroxene compositions of the various 
mineral assemblages at the temperatures and pressures of the spinel-
lherzolite facies were accompanied by calculated molecular volume changes. 
These were calculated by taking the sum of the molecular volumes of the 
phase(s) and pyroxene end-member of the left-hand side from the sum of the 
molecular volumes of the phase(s) and pyroxene end-member of the right-
hand side of each reaction. The molecular volumes of the phases and the 
end-members used in these calculations are listed in Table 4.1. 
Eq. 3.4 of the preceding chapter was developed in order to represent 
the experimentally observed changes in the clinopyroxene composition in 
the spinel-lherzolite assemblage with changes in temperature and pressure. 
An increase in pressure at constant temperature favours a decrease in 
volume of the assemblage as a whole. It was observed that this decrease 
in volume was realised by the clinopyroxene, and probably the orthopyroxene, 
changing its composition. The positive molecular volume change of the 
reaction represented by Eq. 3.4 requires the alumina content of the 
clinopyroxene to decrease with increasing pressure at constant temperature. 
Similarly, the negative molecular volume change of Eq. 3.6 was found to be 
compatible, with the observed increase in the calcium tschermak's molecule 
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content of clinopyroxene in the Seiland assemblage with increasing 
pressure at constant temperature. 
These observations have been compiled with other experimental data 
(Boyd and England, 1964; Hays, 1966; Clark et al., 1962; Kushiro, 1969; 
and MacGregor, 1974) in order to assess the sign and the magnitude of the 
molecular volume change in each reaction which controls the composition of 
a pyroxene in a specific mineral assemblage. These may be related to the 
change of the pyroxene composition observed at a constant temperature over 
a given increase in pressure in the experiments. This relationship has 
been used in the following chapter in order to make logical extrapolations 
of experimentally determined pyroxene compositions to pressures where no 
experimental information is available. 
4.2 Isothermal variations in pyroxene composition 
Experimental determinations have been made on the compositions of 
orthopyroxene in the assemblage forsterite + orthopyroxene + pyrope 
(Boyd and England, 1964; MacGregor, 1974) and the compositions of 
clinopyroxene in the assemblages clinopyroxene + orthopyroxene + garnet 
(Chapter 3.3), forsterite + clinopyroxene + orthopyroxene + spinel 
(Chapter 3.1), anorthite + clinopyroxene + orthopyroxene + spinel (Chapter 
3.2), and anorthite + clinopyroxene + quartz (Kushiro, 1969) at the 
temperatures and pressures of their stability. The compositions of 
clinopyroxene in the assemblage anorthite + clinopyroxene + melilite + 
spinel at 1200 0C from atmospheric pressure to 11 kilobars have been 
interpolated from the experimental data provided by Yoder (1968), Hays (1966), 
and Clark et al. (1962) (see Fig. 6.4). The reactions for each phase 
assemblage which are responsible for controlling the experimentally 
determined calcium tschermak's molecule content of clinopyroxene and the 
magnesium tschermak's molecule content of orthopyroxene are listed in 
Table 4.2. For each reaction, the molecular volume change has been 
calculated and these are listed in Table 4.2 beside each reaction. These 
molecular volumes, listed in Table 4.1,-- .were calculated from known cell 
parameters of the phases and the end-members of the clinopyroxene and 
orthopyroxene solid solutions. Since most solid solutions series are 
non-ideal, the calculated volume changes are only approximate. From the 
experimental determinations, the changes in the composition of the 
clinopyroxene or orthopyroxene concerned in each reaction which was 
generated from a four kilobar increase of pressure at constant temperature 
is also given in Table 4.2. A four kilobar increase of pressure was 
arbitrarily selected. A positive change in the calcium tschermak's 
molecule content of clinopyroxene or magnesium tschermak's molecule content 
of orthopyroxene refer toan increase in these pyroxene end-members in solid 
solution over the four kilobar increase of pressure. 
In Fig. 4.1, the calculated molecular volume change of each reaction 
has been plotted against the experimentally determined change in the calcium 
tschermak's molecule content of clinopyroxene or the magnesium tschermak's 
molecule content of orthopyroxene. In order to compare the change of the 
amount of magnesium tschermak's molecule in orthopyroxene with the change 
in the amount of calcium tschermak's molecule in clinopyróxene with molecular 
volume change, the changes in pyroxene compositions should be expressed in 
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terms of tmole%CAS and mole%MAS rather than Awt%CAS and Awt%MAS. However, 
because the experimentally observed changes in the pyroxene composition 
are expressed in terms of weight percent, 1 wt%magnesium tschermak's 
molecule (MAS) in orthopyroxene is equivalent to: 
gms CAS/mole x I wt%MAS = 1.076 wt%CAS. 	(7 gms HAS/mole 
In Fig. 4.1 the change in the weight percent HAS in orthopyroxene has been 
multiplied by a factor of 1.076 in order to compare the orthopyroxene 
composition change with the clinopyroxene composition change. 
Fig. 4.1 shows that the relationship of the change in the composition 
of a pyroxene at constant temperature over a given increment in pressure 
to the molecular volume change of the reaction which controls the pyroxene 
composition is linear. 
The reaction controlling the alumina content of clinopyroxene in 
the Seiland assemblage can be used to illustrate the linear relationship 
expressed in Fig. 4.1. 
CAS  +MACAS + HAS 	(Eq. 4.1 derived from Eq. 3.6) (Eq. 4.1) 
- where AH1 is the enthalpy of reaction and AV is the volume change 
of reaction 
and 
CMS  +CAS 	CMS 2 CAS 	 (Eq. 4.2) 
- where AH2 is the enthalpy of mixing and AV 2 is the volume change 
of mixing 
or 
CMS  + CAS  +MA CMS 2 CAS + HAS 	 (Eq. 4.3) 
then 
K(equilibrium constant) [cAJ Ems] [CMS 2] 
CAS 	CMS21 
- where[ ]'denotes activity of 
M. 
The following equations of state, from Kern and Weisbrod (1967), can be 
used to describe the clinopyroxene composition at any temperature and 
pressure: 
lnK = -(All1 + AH2 ) 
	
(AS 1 + AS2 ) 	P(AV1 + AV2) 	(Eq. 4.4) 
+ 
RT 	 R 	 RT 
therefore 
d(lnK) 	-(AV1 + Av2) 	 (Eq. 4.5) 
dP 	 RT 
The linear relationship expressed in Fig. 4.1 is in compliance with the 
requirements of Eq. 4.5. The volume change of mixing of pyroxene end-
members, shown by AV  in Eq. 4.5, is much smaller than the volume change 
of reaction. 
Fig. 4.1 is used in Chapter 5 to make logical extrapolations of the 
alumina content of clinopyroxene or orthopyroxene in a specific mineral 
assemblage at a specific temperature and pressure from experimentally 
determined alumina contents of the pyroxene at the same temperature but at 
pressures several kilobars lower or higher. For example, the alumina 
content of clinopyroxene in univariant equilibrium with orthopyroxene, 
anorthite, spinel, and garnet at 13000C and 15.2 kilobars is known from 
Figs. 3.11 and 3.12. In the following chapter, the alumina content of 
clinopyroxene in equilibrium with anorthite, garnet, and spinel was required 
at 13000C and 18 kilobars. The reaction which may be responsible for 
controlling the alumina content of clinopyroxene in this divariant 
equilibrium is: 
2CNS 2 •CAS + CAS 2 + MA2(CMS2 CAS) + C3  AS,+ M3AS3 AV = - 57 (A) 	(Eq. 4.6 
The reaction represented by Eq. 4.6 has a calculated molecular volume change 
of -57 (A) 3 . An increase in pressure at constant temperature is accompanied 
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by a reduction in the volume of the phase assemblage as a whole. This 
is realized by the reaction proceeding from left to right; therefore, 
the clinopyroxene becomes more aluminous as garnet is formed. From Fig. 4.1, 
a four kilobar increase in pressure at constant temperature will be 
accompanied by a 15.4 wt%increase in calcium tschermak's molecule 
(7.2 wt%A1 203) content of the clinopyroxene of the assemblage anorthite + 
clinopyroxene + garnet + spinel. 	The change of alumina content of 
clinopyroxene with change of pressure at constant temperature in the 
assemblage anorthite + clinopyroxene + garnet + spinel will be about 
1.8%A1 203 /kilobar. From Figs. 3.11 and 3.12, clinopyroxene in univariant 
equilibrium with orthopyroxene, anorthite, spinel, and garnet at 13000C 
and 15.2 kilobars contains about 17.3%Al 203 . At 13000C and 18 kilobars 
the composition of clinopyroxene in divariant equilibrium with anorthite, 
garnet, and spinel will be about (18.0 kb - 15.2 kb) x (1.8%Al 203 /kb) + 
(17.3%A1 203 in clinopyroxene) 22.3%Al 203 in clinopyroxene. 
Calculations such as the one above have been made throughout 
Chapter 5 where the alumiha content of clinopyroxene or orthopyroxene at 
a given temperature and pressure was required, and where experimental 
data on the alumina content of the pyroxene at the same temperature but 
different pressure was available. It must be emphasized that these 
estimated pyroxene compositions are the best available estimates. 
Experimental verification is required before they are finally accepted as 
equilibrium pyroxene compositions. 
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TABLE 4.1 
Mineral Molecular o volume -in (X) 3 (cubic Xngstroms) 
anorthite (CAS 2 ) 167.4 
forsterite 	(M2 S) 72.5 
diopside (CMS 2 ) 109.8 
enstatite (MS) 52.1 
spinel (MA) 66.5 
calcium tschermak's molecule (CAS) 105.5 
magnesium tschermak's molecule (MAS) 101.5 
pyrop'e (M3AS3 ) 188.2 
grossular (C3AS3 ) 208.2 
kermanite (C 2MS2 ) 152.1 
gehienite (C2AS) 150.0 
sillimanite (AS) 82.8 
sapphirine (M2A2S) 165.3 
quartz (S) 37.7 










Awt%CAE in Cpx 
or 
(1.076)e(Awt%)AS in Opx) 
&V Reference 
1 C!S2 	• 	2X3 	+ CM5A2S 	CMS 2 -CAS 	• 	&S-HAS 1200 ])+.3 - 18.3 -12.8 43.9 this work 
(dtopstie) 	(enstatite) 	(garnet) 	(c1iriDpyrxene) 	(orthyroxene) 
2 2MS 	4 	M 3AS 	t}fSMAS 1200 25.0 - 29.0 -3.5 17.5 MacGregor (194) 
(enstatite) 	(Dyrope) 	(o?thop:,roxene) 
3 - as for 2 above 1100 20.0 - 2t , .0 -5.9 17.5 Boyd and England (196 
CMS 	+ 	2)45 	• 	MA 	CMS2 .MAS 	+ 	M2 S 2200 1+.0 - 18.0 -1.3 3.3 this work 
(flopsiC) 	(er.statit,) (splr.sl) 	(clinopyrDxene) (torsterite) 
5 r, M5 	• 	 • 	ClS- 	• 	S 1150 1.3.0 - 17.0 6.5 -21#.2 Kshiro (1969) 
(dIorste) 	(anorthite) 	(clinopyroxene) 	(quartz) 
6 CMS 	• 	2'45 	• 	CAS 	MA 	CMS2 .CAS 	• 	2)4B•MAS 2200 10.0 - 140 8.0 -.26.9 this work 
(topside) (enstatite) 	(anorthite) (spine) 	(cithopyroxene) (orthopyroxene) 
I CMI2 	• 	2C2M52 	• 	MA 	• 	3CAS2 	4CMS2 .4CAS 1200 5.0 - 	9.0 33.0 -221.7 ostizated trot Yoder (1968), 
(d1opsIe) 	(kerrantte) 	(spine) 	(anorthite) 	(cJ.inoyroxene) Hays (1966), Clark et ci. (1962), 
and this work (see Fig. 6.4) 
FIG 4.1  
Plot of the change in the calcium tschermak t s molecule content of 
clinopyroxene and the magnesium tschermak's molecule content of ortho- 
_pyroxene from a four kilobar increase in pressure at constant temp-
erature with the molecular volume change of the reactions controlling 
the pyroxerie compositions. 
-v 
Awt7CAS in Cpx 
or 
(1.076)x (-wt XMAS in 
1 CMS,.2MS.CM,A,S 
2ond 3 2MS M,A$, 	4M 
4 CM52 .2MSMA 
5 CMS,.CA5,CMS 
6 CMS,.2MSCAS,i 
7 CMS2+2C,M5, MA 
+Lwt% CAS in Cpx 
5 	or 
)76)X(+Lwt%MAS in Opx) 
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EFFECTS OF TEMPERATURE AND PRESSURE ON THE COMPOSITIONS OF PYROXENES 
IN SPINEL-L1IERZOLITE S, ANORTHITE- SP INEL-WEBSTERITE S, ARIEGITE S, AND 
QUARTZ-ANORTHITE-GRANULITES, AND THEIR EFFECT UPON MINERAL PARACENESES 
OF VARIOUS BULK ROCK COMPOSITIONS 
5.1 Introduction 
This chapter is concerned with pyroxene parageneses in the temperature 
and pressure conditions where spinel-lherzolite is stable (see Fig. 3.7). 
Common mineral assemblages which are stable at these conditions include 
lherzolites (+ spinel), websterites (i- spinel, + garnet), clinopyroxenites 
(+ spinel, + garnet), orthopyroxenites (± spinel, ± garnet), wehrlites 
(± spinel), harzburgites (± spinel), two-pyroxene granulites (+ spinel, 
-i- quartz), and garnet granulites (± orthopyroxene, + quartz). O'Hara 
(1967c) emphasized the importance of bulk rock composition in explaining 
the stable phase assemblage at any one temperature and pressure, and 
attributed the stability of spinel-freelherzolites (i.e. the 'pyrolit& 
condition) at high temperatures to pyroxene solid solution effects. 
Quartz- and forsterite-free mineral parageneses in the spinel- 
lherzolite facies are divided into two types by the appearance of garnet 
at the arigite subfacies boundary (Fig. 2.2). Fig. 5.1, which is a projectio 
from enstatite of orthopyroxene-saturated assemblages into the plane 
C2 S3-M2S-A25 in C-M-A-S, shows the essential form of the phase equilibria 
in the spinel-lherzolite facies. The solid lines indicate the phase 
boundaries of orthopyroxene-saturated assemblages in the lower pressure 
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FIG. 5.1 
An enstatite projection of orthopyroxene-bearing assemblages into 
the plane C 2  S 3 
 M 2  S - A 2 
 S in the system C - M - A - S at 1200 0C and 14., 
16 9 and 18 kilobars0 
The phase fields at 1200 0C and 11+ kilobars are indicated by the 
solid tie lines. 
The phase fields at 12000C and 16 kilobars are indicated by the 
broken tie lines. 
The phase fields at 1200 00 and 18 kilobars are indicated by the 
dotted tie lines. 







Seiland subfacies. The broken lines indicate the additional phase 
boundaries which are generated by the stability of garnet (Fig. 2.2) at 
the lower pressure conditions of the arigite subfacies. At the higher 
pressure region of the arigite subfacies, the instability of anorthite 
with orthopyroxene generates quartz- and garnet-bearing assemblages, the 
phase boundaries of which are shown by dotted lines. 
As the temperature and pressure vary, so do the compositions of the 
clinopyroxenes and their associated orthopyroxenes. The purpose of this 
chapter is to discuss the ways in which each of the pyroxene compositions 
vary and the effect that these variations may have on mineral parageneses 
of various bulk compositions. In the course of this study, it has been 
necessary to investigate the range of possible clinopyroxene compositions 
which may be stable with orthopyroxene-free assemblages (naturally not 
represented in Fig. 5.1 which is a projection of orthopyroxene-saturated 
assemblages). 
Since most pyroxene solid solution compositions lie within or close 
to the plane CS-MS-A in C-M-A-S, this plane has been selected for showing 
the phase relationships of many bulk composition lying within this plane, 
and to the silica-rich and silica-poor sides of this plane. In reality, 
some silica, forsterite, spinel, or anorthite may be dissolved non-
stoichiometrically. Clinopyroxene and orthopyroxene should then be 
represented diagrammatically by a volume. However, because the amounts of 
forsterite, silica, spinel, oranor.thite dissolved in pyroxene are little 
known, the pyroxene solid solutions have been represented by a plane in 
CS-MS-A. 
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FIG. 5 . 2 
Forsterite projection of forsterite-bearing ultrabasic assemblages 
at 14000C and 20 kilobars into the plane CS - MS - A in the system 
C - M - A - S. 
1400 °C 20 kb 
90 	80 	70 	60 	50 	40 	30 	20 	10 
Cs 
Fo + Opx 
MS 
Wt  Cs 
Forsterite projection of forsterite -bearing ul.trabasic assemblages 
at 13000C and 14 and 18 kilobars into the plane CS - MS - A in the syst 
C-M-A-S0 
S -11 4 and S18 refer to the composition of clinopyroxene in equilibrii. 
with forsterite, orthopyroxene, and spinel at 1300 °C and 14. and 18 
kilobars respectively. 
T14 and T18 refer to the estimated composition of orthopyroxene 
in equilibrium with forsterite, clinopyroxene, and spinel at 1300 0C 
and 14- and 18 kilobars respectively. 
V14 and Vi8 refer to the composition of orthopyroxene in equilibrii 
with forsterite and spinel at 1300 00 and 14 and 18 kilobars respective!.,  
in the system M - A - S (MacG.regcr, 1974.). 
80 	 60 	 40 	 20 
1300 0 
CS 
F0 + Opx 
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5.2 Variation of pyroxene compositions inspineF-lherzolite assemblages 
Because spinel-lherzolites are forsterite-saturated, it is 
convenient to illustrate the phase relationships by a projection from 
forsterite into the plane CS-MS-A. Fig. 5.2 shows the form of the 
relevant parageneses at 1400 0C and 20 kilobars. Fig. 5.3 superimposes 
the phase fields at 1300 0C and 14 and 18 kilobars. 
In Figs. 5.2 and 5.3, A has been located by Davis and Boyd (1956), 
B by Warner and Luth (1974), S by this work (Chapter 3.1), V by MacGregot 
(1974), and T has been roughly estimated. The complete solid solution 
between diopside and calcium tschermak's molecule is inferred from Yoder 
(1968), Hays (1966), Clark et al. (1962), and this work. 
The phase fields shown in Figs. 5.2 and 5.3 correspond to the 
subsolidus phase assemblages listed in Table 5.1. 
'VAT1' c 1 







forsterite + clinopyroxene 
forsterite + clinopyroxene + orthopyroxe: 
forsterite + orthopyroxene 
forsterite + spinel + clinopyroxene 
forsterite + spinel + clinopyroxene + 
orthopyroxene 
forsterite + spinel + orthopyroxene 
Figs. 5.2 and 5.3 together show the contraction of the wehrlite (and 
near-forsterite saturated clinopyroxenite), harzburgite, and lherzolite 
phase fields with decreasing temperature and/or increasing pressure. 
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5.3 Variation of pyroxene compositions in spinel-saturated but 
forsterite-free assemblages at pressures below those at which 
garnet becomes stable 
All bulk compositions in C-M-A-S which contain stable forsterite in 
the spinel-lherzolite facies are confined to a composition volume to the 
silica-poor side of the plane CS-MS-A and the alumina-poor sides of the surfacE 
spinel (MA)-CAS-Cpx(S)-Opx(T)-V at 1300 0C and 14 kilobars (shown in Fig. 5.4). 
The subsolidus tetrahedron forsterite (M 2S) - spinel (MA) - clinopyroxene 
(S) - orthopyroxene (T) has an edge (S-T) falling very close to or exactly 
in the plane CS-MS-A. Forsterite-free but spinel-saturated assemblages 
to be discussed in this section may be stable in compositions to the 
silica-poor side of the plane CS-MS-A and in compositions which straddle 
the plane CS-MS-A. There is a case for diagrammatically representing the 
phase relationships either as a plot of the spinel and forsterite phase 
intersections or contacts with the plane CS-MS-A, or as a projection from 
spinel into that plane. The former solution has been adopted in Fig. 5.5 
to show the phase relationships at 1300 0C and 14 kilobars. Bulk compositions 
that crystallize one or two pyroxenes which may co-exist with spinel as 
an extra phase, yet which do not actually contain spinel, are indicated as 
(Sp) Cpx, (Sp) Cpx Opx, and (Sp) Opx. Therefore, a bulk composition contained 
within the area H-S-T-G of Fig. 5.5 will crystallize clinopyroxene and 
orthopyroxene. Bulk compositions which are slightly deficient in silica 
will crystallize clinopyroxene, orthopyroxene, and spinel. Likewise, bulk 
compositions that crystallize one or two pyroxenes which may co-exist with 
forsterite as an extra phase, yet which do not actually contain forsterite, 
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A three dimensional view of the phase relationships of some 
compositions on the silica-poor side of the plane CS - MS - A in 






1300 ° C 	14kb 
MA 
FIG. 5.5 
The spinel and forsterite phase intersections or contacts of 
spineL- and forsterite-bearing assemblages with the plane CS - MS - A 
in the system C - M - A - S at 13000C and I4 kilobars. 





The phase relations of some compositions in the plane CS - MS - A 
in the system C - M - A S at 1200 00 and 12 and 14 kilobars 
ff12 and HI4 refer to the compositions of clinopyroxene in equil-
ibrium with orthopyroxene aorthite, and spinel at 120000 and 12 and 
14 kilobars respectively. G12 and G14 refer to the estimated composit-
ions of orthopyroxene in equilibrium with clinopyroxene, anorthite, an 
0 spinel at 1200C and 12 and 14 kilobars respectively. 
80 	 60 	 40 	 20 
CS MS 
Wt% CS 
are indicated (Fo) Cpx, (Fo) Cpx Opx, and (Fo) Opx. Bulk compositions 
which are contained in the area B-S-T-A will crystallize clinopyroxene 
and orthopyroxene. Bulk compositions which are slightly more deficient 
in silica will crystallize clinopyroxene, orthopyroxene, and forsterite. 
The clinopyroxene (S) and orthopyroxene (T) of Figs. 5.4 and 5.5 are 
derived from Fig. 5.3 of section 5.2. Fig. 5.6 compares the positions of 
the pyroxenes (H), (G), and (J) at two different pressures at 1200 0C. 
In Figs. 5.5 and 5.6 the positions of A have been located by Davis 
and Boyd (1966), B by Warner and Luth (1974), S and H by this work 
(Chapter 3), and V by MacGregor (19741 G and T have been roughly estimated. 
The positions of J have been extrapolated from the data of Chatterjee and 
Schreyer (1972) at 13000C and 18 kb and 11800C and 17 kb to the pressures 
of interest in this discussion by using Fig. 4.1 and the alumina-controlling 
reactions: 
MS 	+ 	AS 	+ M 2 A 2 S 
	 311AS 	 (Eq. 5 
(enstatite) (sillimanite) (sapphikne) (magnesium tschermak's molecule) 
- where M 	+4.3 (X) 3 
and 
MS 	+ 	M 2 A 
 2 S + 	S 	 MS2MAS 	 (Eq. 5 
	
(enstatite) (sapphirine) (quartz) 	(orthopyroxene) 
- where AV = 0 (X) 3 
The small volume changes of Eqs. 5.1 and 5.2 indicate that orthopyroxene (J), 
determined by Chatterjee and Schreyer (1972), varies little with changes in 
pressure at constant temperature (see'Fig. 4.1). The complete solid 
solution between diopside and calcium tschermak's'molecule is inferred from 
Yoder (1968), Hays (1966), Clark et al. (1962), and several highly aluminous 
W. 
clinopyroxenes synthesized in this work (Appendix C.2.2; the composition 
Py45Gr55 synthesized at 12000C and 13000C, at 13 to 15 kilobars). The 
few syntheses on Py45Gr55 have not been plotted on any of the diagrams 
because they contained some metastable, or unreacted, orthopyroxene. The 
phase assemblage which was crystallized from this composition was high-
alumina clinopyroxene + anorthite + spinel + unreacted orthopyroxene. The 
highly aluminous nature of the clinopyroxenes suggest that the solid 
solution series from diopside to stable calcium tschermak's molecule 
(Hays, 1966) at these conditions is complete. 
The phase fields shown in Figs. 5.4 and 5.5 at 13000C and 14 kilobars 
correspond to the phase assemblages listed in Table 5.2 
TABLE 5.2 
Compositional polyhedron 	 . 	Stable phase assemblage at 
13000C and 14 kb 
M2S - CMS  - CAS - S - B 	 forsterite + clinopyroxene 
M2S - B - S - A - T 	 forsterite + clinopyroxene + orthopyroxe 
M2S - A - T - V - MS 	 forsterite + orthopyroxene 
M2S - 'MA - CAS - S 	 - 	forsterite + spinel + clinopyroxene 
M2S - MA - S - T 	 forsterite + spinel + clinopyroxene + 
orthopyroxene - 
M2S - MA - T - V 	 forsterite + spinel + orthopyroxene 
MA - CAS - S - H 	 spinel + clinopyroxene 
MA - H - S - G - T 	 spinel + clinopyroxene + orthopyroxene 
NA - G - T - J - V 	 spinel + orthopyroxene 
MA - CAS  - CAS - H 	 spinel + anorthite + clinopyroxene 
MA - CAS  - H - G 	 spinel + anorthite + clinopyroxene + 
orthopyroxene 
MA - CAS  - G - J 	 spinel + anorthite + orthopyroxene 
MA - CAS 2 - N2A2S - J 	 spinel + anorthite + sapphirine + 
orthopyroxene 
Qz - M 
2 A 
 2 S - CAS 2 - J 	 quartz + sapphirine + anorthite + 
or thopyroxene 
Fig. 5.5 shows the relatively large spirLel-clinopyroxenite and 
spinel-websterite phase fields at 1300 0C and 14 kilobars. The sensitivity 
of clinopyroxene (H) to small changes in temperature and pressure, as 
shown by comparing Fig. 5.5 and Fig. 5.6, indicates that one fixed basaltic 
composition may crystallize many different phase assemblages, depending 
upon the temperature and pressure of equilibration. As an example, a 
decrease in temperature and pressure may result in an olivine-clinopyroxenite 
re-equilibrating to a spinel-olivine-clinopyroxenite, then to a spinel-
clinopyroxenite, then to a spinel-websterite, and finally to a two-pyroxene-
spinel granulite. It is also worth noting that the composition of a 
clinopyroxene and orthopyroxene in any two and three phase field is 
dependent upon the bulk composition of the rock. This renders the 
clinopyroxene or orthopyroxene geothermometer and geobarometer invalid when 
applied to minerals from two and three phase assemblages. 
5.4 Variation of pyroxene compositions in spinel-saturated forsterite-free 
assemblages at pressures where garnet becomes stable 
Many natural hypersthene- and nepheline-normative picrite, eclogite, 
and pyroxenite compositions are located within or to the silica-poor side 
of the plane CS-MS-A in C-M-A-S. Some highly aluminous pyroxene granulite 
compositions may be plotted on either side or within the plane CS-MS-A in 
C-M-A-S. Many of the above mentioned compositions contain garnet and spinel 
as stable phases in the arigite subfacies of the spinel-lherzolite fades. 
Since pyrope-grossular garnet compositions lie within the plane CS-MS-A 
together with stoichiometric pyroxene compositions, this plane is useful for 
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The spinel and forsterite phase intersections or contacts of 
spinel- and forsterite- bearing assemblages with the plane CS - MS - A 
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M18 and KI8 refer to garnet compositions at 13000C and 18 kilobars. 






showing the phase relationships of compositions located within, to the 
silica-poor side of, and straddling the plane CS-MS-A at the conditions 
of the arigite subfacies. 
Fig. 5.7 shows the phase relationships at 13000C and 16 kilobars. 
Bulk compositions that crystallize one or two pyroxenes and garnet which 
may co-exist with spinel as an extra phase, yet which do not actually 
contain spinel, are indicated (Sp) Cpx Gt, (Sp) Cpx, Opx Gt etc.. 
Clinopyroxene and orthopyroxene will be stable phases in compositions 
within the area S-H-T-G shown in Fig. 5.7. Compositions which are slightly 
more deficient in silica than those defined by S-H-T-G will develop the 
assemblage clinopyroxene + orthopyroxene + spinel. Spinel-websterites 
of the ari&gite subfacies may, therefOre, be indistinguishable from those 
of the lower pressure Selland subfacies. However, compositions which are 
richer in alumina, such as those within the area H-G-L, will develop the 
assemblage clinopyroxene (H) + orthopyroxene (C) + garnet (L) at 13000C and 
16kilobars. Compositions which are slightly more deficient in silica than 
those defined by H-G-L will develop the assemblage clinopyroxene (H) + 
orthopyroxene (C) i- garnet (L) + spinel. Compositions which plot on both 
sides of the plane CS-MS-A within the volume Sp-An-N-M will develop the 
stable spinel + anorthite + clinopyroxene (N) + garnet (H) assemblage. The 
edge of this tetrahedral volume, N-M, is contained within or close to the 
plane CS-MS-A. Fig. 5.8 superimposes the various phase fields at 1300 0C 
and 18 kilobars on to those at 1300 0C and 16 kilobars in order to illustrate 
the expanding and contracting nature of the various phase fields with 
change in pressure at constant temperature. 
In Figs. 5.7 and 5.8 the positions of A, B, S, H, V, and J have been 
-7 
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located similarly to those given in section 5.3 for Figs. 5.5 and 5.6. 
A complete solid solution series between diopside and calcium tschermak's 
molecule is inferred from Hays (1966) and Clark et al. (1962). Again, 
orthopyroxenes (G) and (T) have been roughly estimated. The composition 
of garnet (K) has also been roughly estimated from the pressure of 
stability of pyrope (Boyd and England, 1959) with respect to the pressure 
of stability of garnet (L) (CM 5A2 S 6 ) determined in this work at 1300 0C 
(Chapter 2). The location of garnet (M) has been roughly estimated from 
the data of Boyd (1970) and Kushiro and Yoder (1966). The composition of 
clinopyroxene (N) has been extrapolated from this work by using Fig. 4.1 
and the appropriate alumina-controlling reactions in the following manner: 
- at 13000C, 15.2 kb, clinopyroxene (N) with 17.3%A1 20. is stable 
with orthopyroxene, anorthite, spinel, and garnet (CM 5A2S 6 ) -. from 
Fig. 3.12. 
- from the reaction: 
2CMS 2 -CAS 	+ CAS 	+ MA 	2 (CMS 2 •CAS) 	+ C3AS3 + M3AS3 	(Eq. 
(clinopyroxene) (anorthite) (spinel) (clinopyroxene) (gross. (pyrope) 
Gt) 
- where AV = -57 (X) 3 and AA1 2O3 in Cpx/AP = +1.8 Al 203 /kb (see Fig. 4.1) 
- therefore at 13000C and 16 kb, clinopyroxene (N) with''18.7%Al 203 
will be stable with anorthite, spinel, and garnet (M). 
- at 13000C and 18 kb, clinopyroxene (N) with-'- 22.3%A1 203 will be 
stable with anorthite, spinel, and garnet (M). 
The amount of enstatite in solid solution in clinopyroxene (N) has been 
roughly estimated from the attitude of the clinopyroxene 'finger' determined 
by Boyd (1970). 
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The phase fields shown in Figs. 5.7 and 5.8 correspond to the phase 
assemblages listed in Table 5.3 
I 
TABLE 5.3 
Compositional polyhedron Stable phase assemblage 
M2S - CMS  - CAS - S - B forsterite + clinopyroxene 
M2S - S - B - T - A forsterite + clinopyroxene + orthopyrox 
M2S - MS - A - T - V forsterite + orthopyroxene 
M2S - MA - CAS - S forsterite + spinel + clinopyroxene 
M2S - MA - S - T forsterite + spinel + clinopyroxene + 
orthopyroxene 
M2S - MA - T - V forsterite + spinel + orthopyroxene 
MA - CAS - N - H - S spinel + clinopyroxene 
MA - H - S - G - T spinel + clinopyroxene + orthopyroxene 
MA - J - G - T - V spinel + orthopyroxene 
MA - N - H - L - M spinel + clinopyroxene + garnet 
MA - H - C - L spinel + clinopyroxene + orthopyroxene 
garnet 
MA - J - C - K - L spinel + orthopyroxene + garnet 
MA - CAS  - CAS - N spinel + anorthite + clinopyroxene 
MA - CAS  - N - N 	
0 
spi.nel + anorthite + clinopyroxene + 
garnet 
MA - CAS  - K - L - M spinel + anorthite + garnet 
MA - CAS  - M 2 A 2  S - K 
spinel + anorthite + sapphirine + game 
Qz - CAS  - M 2 A 2  S - K 
quartz + anorthite + sapphirine + game 
Qz + M 2 A 2  S - K - J 
quartz + sapphirine + garnet + 
orthopyroxene 
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Figs. 5.5, 5.7, and 5.8 together show the effect of garnet stability 
on the pyroxene solid solution compositions and also the expanding and 
contracting phase fields concomitant with increasing pressure at 13000C. 
The assemblages spinel + clinopyroxene and spinel + orthopyroxene should 
persist to pressures much greater than 18 kilobars. The spinel + 
clinopyroxene + orthopyroxene phase volume is largest at about 15 kilobars 
and rapidly contracts with increasing and decreasing pressures. Spinel-
websterites will therefore be stable in the widest possible range of 
compositions at intermediate pressures. Fig. 5.8 shows the rapid expansion 
of the spinel + clinopyroxene + garnet phase volume predicted by an increase 
in pressure from 16 to 18 kilobars. The clinopyroxene alumina-controlling 
reactions in the assemblages clinopyroxene (H) + orthopyroxene + garnet and 
spinel + clinopyroxene (N) + anorthite + garnet have very large volume 
changes of the opposite sign. This increases the likelihood of garnet-
pyroxenite assemblages being stable at relatively low pressures in the 
spinel-lherzolite facies. Clinopyroxene + garnet + spinel assemblages can 
exsolve relatively large amounts of enstatite after a decrease in pressure. 
A decrease in temperature accompanying a decrease in pressure could result 
in relatively large amounts of garnet and enstatite exsolution. The 
mineralogy of many arigites and garnet-websterites may, therefore, be due 
to extensive subsolidus changes in temperature and pressure from a primary 
clinopyroxenite or spinel-clinopyroxenite rather than the product of direct 
crystallization from a liquid at high pressures. 
Figs. 5.5, 5.7 and 5.8 show that for any composition in which any four 
phase assemblage is stable, the composition of the clinopyroxene, 
orthopyroxene, or garnet solid solutions are fixed at any one temperature 
and pressure. However, with the exception of the clinopyroxene + 
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orthopyroxene + garnet mineral assemblage, the composition of the stable 
clinopyroxene, orthopyroxene, or garnet solid solution in any two or three 
phase assemblage at any given temperature and pressure is variable, and 
depends upon that bulk composition as well as the temperature and the 
pressure. This renders invalid the use of the composition of a clinopyroxene 
in most three and two phase assemblages as an indicator of temperature and 
pressure of equilibration. 
5.5 Variation of pyroxene compositions in quartz-saturated assemblages 
at pressures below those at which quartz becomes stable with garnet 
Although systematic experimental data on compositions to the silica-
rich side of the plane CS-MS-A are rare or incomplete at the temperatures 
and pressures of the spinel-lherzolite fades, some inferences can be made 
about the phase relationships. Absolute values of the pyroxene compositions 
have not been determined in this work; however, the nature of their change 
with pressure at constant temperature is believed to be correctly indicated. 
Quartz becomes stable with garnet from the reaction: 
anorthite + orthopyroxene clinopyroxene + garnet + quartz 
This reaction has not been determined in the present work but is located 
between reactions II and III of Fig. 3.12 (Kushiro and Yoder, 1966); that 
is, within the arigite subfacies of the spinel-lherzolite facies. The 
assemblages which will now be considered are stable throughout the Seiland 
subfacies and the lower pressure region of the arigite subfacies. 
All bulk compositions which develop stable quartz are confined to the 
silica-rich side of the plane CS-MS-A in C-M-A-S and the alumina-poor side 
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A three dimensional view of the phase relationships of some 
compositions on the silica-rich side of the plane CS - MS - A in 
the system C - M - A - S at 1200 0C and 14 kilobars. 
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The quartz and anorthite phase intersections or contacts of 
quartz- and anorth±te-beariflg assemblages with the plane CS - MS - A 
in the system C - M - A - S at 1200 0C and 14 kilobars0 
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A three dimensional view of the phase relationships of some 
compositions on the silica-rich side of the plane CS - MS - A in the 
system C - M - A - S at 12000C and 16 kilobars. 
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of the surface CAS 2-C-E-F--J shown in Fig. 5.9 at 1200 0C and 14 kilobars 
and Fig. 5.11 at 12000C and 16 kilobars. Fig. 5.9 is a three dimensional 
representation of some of the phase relationships at 1200 0C and 14 kilobars. 
Fig. 5.11 shows some of the phase relationships at 1200 0C and 16 kilobars. 
It is convenient to show these phase relationships by the intersection or 
contact of quartz and anorthite with the plane CS-MS-A. Fig. 5.10 is a two 
dimensional representation of Fig. 5.9. Similarly, Fig. 5.12 is a two 
dimensional representation of Fig. 5.11. Bulk compositions that crystallize 
one or two pyroxenes which may co-exist with quartz, yet which do not 
actually contain quartz, are indicated (Qz) Cpx, .(Qz) Cpx Opx, and (Qz) Opx. 
That is, bulk compositions within the area B-E-A-F will crystallize 
clinopyroxene and orthopyroxene. Compositions which are slightly richer 
in silica will crystallize clinopyroxene, orthopyroxene, and quartz. 
Similarly, bulk compositions that crystallize one or two pyroxenes which may 
co-exist with anorthite, yet which do not actually contain anorthite, are 
indicated (An) Cpx, (An) Cpx Opx, and (An) Opx. Bulk compositions to the 
silica-rich side of the plane CS-MS-A, which crystallize the assemblage 
anorthite + quartz + clinopyroxene (E) + orthopyroxene (F), are contained 
in a tetrahedral volume. The edge E-F of this tetrahedron, shown in Figs. 
5.10 and 5.12, falls very close to or within the plane CS-MS-A. The 
tetrahedral volumes anorthite-spinel-H-G of Fig. 5.10 and anorthite-spinel-
N-M of Fig. 5.12 straddle the plane CS-MS-A and the edges H-C and N-M fall 
very close to or within the plane CS-MS-A. 
In Figs. 5.9 to 5.12 the positions of A, B, H, and J have been 
located by Davis and Boyd (1966), Warner and Luth (1974), this work, and 
extrapolation of data by Chatterjee and Schreyer (1972). The orthopyroxene 
alumina-controlling reactions Eq. 5.1 and Eq. 5.2 and Fig. 4.1 indicate that 
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orthopyroxene (J) is much the same in composition at 1200 0C and 14 and 
16 kilobars as that determined by Chatterjee and Schreyer (1972) at 
11800C and 17 kilobars. The compositions of orthopyroxenes (G) and (F) 
have been roughly estimated. The experimental work of Hays (1966) 
suggests that at 12000C and 14 kilobars there is a complete solid solution 
series between diopside and calcium tschermak's molecule. However, at 
12000C and 16 kilobars, calcium tschermak's molecule is unstable and the 
solid solution series is incomplete. 'The composition of clinopyroxene (D) 
has been interpolated from Fig. 4.1 and the reaction: 
C3AS3 	+ 	2A 	 3CAS 
(grossular Gt) 	(corundum) 	(calcium tschermak's molecule) 
- Eq. 5.4 (from Hays, 3.966) 
- where AV = +23.2 (X) 3 
- and Ml 203 in clinopyroxene (N)/AP = -0.8%Al 203 /kb 
- at 1200 0C and 16 kilobars clinopyroxene (D) 	45%A1203 . 
The composition of clinopyroxene (N) at 1200 0C and 16 kilobars has been 
extrapolated from this work using Fig. 4.1 and Eq. 5.3 in the following 
manner: 
- at 12000C and 14.2 kb, clinopyroxene (N) with 13.0%A1 203 is in 
equilibrium with orthopyroxene, anorthite, spinel, and garnet 
(CM 5A2S 6 ) - (see Fig. 3.12). 
- from Eq. 5.3 and Fig. 4.1, at 12009C and 16 kb, clinopyroxene (N) 
with 	16.2%A1 203 will be stable with anorthite, spinel, and garnet (m) 
The composition of garnet (K) has been roughly estimated from the pressure 
of stability of pyrope (Boyd and England, 1959) with respect to the pressure 
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of stability of garnet (L) (CM 5A2S6 ) determined in this work at 1200 0C 
(Chapter 2). The composition of clinopyroxene (C) in equilibrium with 
anorthite and quartz has been determined by Kushiro (1969). The method of 
estimating the composition of clinopyroxene (E) in equilibrium with 
orthopyroxene, quartz, and anorthite requires some detailed explanation. 
At any temperature and pressure clinopyroxene (E) is fixed and can be 
expressed in terms of its end-members CMS 2
-CAS-MS(assuming no dissolved 
Silica). Similarly at the same temperature and pressure, clinopyroxene (C) 
in equilibrium with anorthite and quartz is fixed and can be expressed in 
terms of its end-members CMS 2
-CAS(Kushiro, 1969), Therefore, at the same 
temperature and pressure, any bulk composition contained between the 
planes anorthite + quartz + clinopyroxene (E) and anorthite + quartz + 
clinopyroxene (C) must develop the assemblage anorthite + quartz + 
clinopyroxene (P) where the amount of enstatite dissolved in clinopyroxene 
(E) is greater than the amount dissolved in clinopyroxene (P) which is 
greater than the amount dissolved in clinopyroxene (C) which is greater 
than or equal to 0 wt% (Kushiro, 1969). At 1200 0C and about 16.5 kilobars 
the stable lower pressure assemblage anorthite + clinopyroxene + 
orthopyroxene + quartz reacts to the stable higher pressure assemblage 
garnet + clinopyroxene + orthopyroxene + quartz (Kushiro and Yoder, 1966). 
From Chapter 3, the clinopyroxene composition in equilibrium with garnet 
and orthopyroxene at this temperature and pressure contains 9.5 wt% A and 
9.8 wt% MS. At the same temperature and pressure the clinopyroxene 
composition in equilibrium with anorthite and quartz (i.e. clinopyroxene-C) 
for compositions on the pseudobinary join CMS  - CAS  contains 13.3 wt% A 
and Owt% MS (Kushiro, 1969). This suggests that, to a first approximation, 
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at any pressure at 1200 0C clinopyroxene (E) is probably always lower in 
alumina than clinopyroxene (C) by about 3.5 to 4.0 wt%A for every 9.8 wt% 
increase in enstatite in solid solution. 	Calculations on the difference 
in compositions between clinopyroxenes (C) and (E) at 1100 0C and 1300 0C 
show that they differ in a manner similar to that found of 1200 0C. An 
increase in enstatite in solid solution in clinopyroxene (P) is 
accompanied by a decrease in alumina in solid solution at any given 
temperature and pressure. To a first approximation, clinopyroxene (E) 
has been estimated by subtracting 3.8 wt% alumina from clinopyroxene (C) 
(Kushiro, 1969) for every 9.8 wt% enstatite increase in clinopyroxene (P) 
until the locus (H - B) of clinopyroxene compositions was intersected in 
Figs. 5.9 to 5.12. 
The phase fields shown in Figs. 5.9 and 5.10 at 1200 0C and 14 kilobars 
correspond to the phase assemblages listed in Table 5.4. 
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Compositional polyhedron Stable phase assemblage 
S - CMS2 - B - C - E quartz + clinopyroxene 
S - B - E - A - F quartz + clinopyroxene + orthopyroxene 
S - MS - A - F - J quartz + orthopyroxene 
CAS 	- S - C - E anorthite + quartz + clinopyroxene 
CAS 	- S - E - F anorthite + quartz + clinopyroxene + 
orthopyroxene 
CAS  S - F - J anorthite + quartz + orthopyroxene 
CAS 2 - CAS - C - E - H anorthite + clinopyroxene 
CAS 	- E - H - F - G anorthite + clinopyroxene + orthopyroxene 
CAS 2 F - C - J anorthite + orthopyroxene 
CAS 	- MA - H - CAS anorthite + spin el + clinopyroxene 
CAS 	- MA - H - G anorthite + spinel + clinopyroxene + 
or thopyroxene 
CAS  - MA - G - J 	 anorthite + spinel + orthopyroxene 
CAS 2 - M2A2 S - MA - J 	 anorthite + sapphirine + spinel + 
orthopyroxene 
CAS  - M 2 A  2 
 S - S - J 	 anorthite + sapphirine + quartz + 
orthopyroxene 
I 
The phase fields shown in Figs. 5.11 and 5.12 at 1200 0C and 
16 kilobars correspond to the phase assemblages listed in Table 5.5. 
Tl A flY fl r r 
Compositional polyhedron 	 Stable phase assemblage 
S - CMS 2 - B - C - E 	 quartz + clinopyroxene 
S - B - E - A - F 	 quartz + clinopyroxene + orthopyroxene 
S - MS - A - F - J 
CAS  - S - C - E 
CAS2 - S - E - F 
CAS  - S - F - J 
CAS  - C - D - N - H - B 
CAS  - B - H - F - C 
CAS  - F - C -. J 
CAS  - H - L - N - N 
CAS  - H - G - L 
CAS  - G - .1 - K - L 
CAS  - S - J - K 
CAS 2 -MA-D-N 
CAS  - NA - N - M 
CAS  - MA - N - K 
CAS  - M 2 A 2  S - MA - K 
CAS 2 - M2A2S - S - K 
S - M2AS - K - J 
quartz + orthopyroxene 
anorthite + quartz + clinopyroxene 
anorthite + quartz + clinopyroxene + 
orthopyroxene 
anorthite + quartz + orthopyroxene 
anorthite + clinopyroxene 
anorthite + clinopyroxene + orthopyroxerie 
anorthite + orthopyroxene 
anorthite + clinopyroxene + garnet 
anorthite + clinopyroxene + orthopyroxene 
garnet 
anorthite + orthopyroxene + garnet 
anorthite + quartz + orthopyroxene + 
garnet 
anorthite + spinel + clinopyroxene 
anorthite + spinel + clinopyroxene + 
garnet 
anorthite + spinel + garnet 
anorthite + sapphirine + spinel + garnet 
anorthite + sapphirmne + quartz + garnet 
quartz + sapphirine + garnet + orthopyroxE 
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Many of the subsolidus phase assemblages shown in Figs. 5.9 to 5.12 
and listed in Tables 5.4 and 5.5 are common to quartz-normative 
tholeiitic as well as some silica undersaturated and hypersthene-
normative olivine basaltic compositions (located in the magnesium-poor 
volume bound by the planes CS-MS-A and Fo-Di--An in C-M--A--S) which have 
been subjected to granulite facies grade of metamorphism. Pyroxene and 
garnet granulites have been reported from many high grade metamorphic 
terrains. Figs. 5.11 and 5.12 illustrate that the grade of metamorphism 
cannot be determined by the occurrence of garnet alone, as the stability 
of garnet in any rock is controlled by the bulk composition as well as 
by the temperature and pressure. Large variations in the alumina contents 
of clinopyroxenes in equilibrium with anorthite + quartz + orthopyroxene 
with small changes in pressure can result in one fixed bulk rock 
composition recrystallizing to many different mineral assemblages. 
5.6 Variation of pyroxene compositions in quartz-saturated assemblages 
at pressures greater than those at which quartz becomes stable 
with garnet 
The assemblages which will now be discussed are those which are 
quartz-saturated and stable within the highest pressure regions of the 
arigite subfacies of the spinel-lherzolite facies. Kushiro and Yoder 
(1966) observed the reaction of anorthite and orthopyroxene to form garnet, 
quartz, and clinopyroxene along a univariant boundary located at pressures 
between those of reactions II and III of Fig. 3.12. At pressures higher 
than this 'boundary, garnet was found to co-exist with quartz and 
clinopyroxene. The assemblages to be discussed are those which are quartz- 
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FIG. 513 
A three dimensional view of the phase relationships of some 
compositions on the silica-rich side of the plane CS - MS - A in 
the system C - M - A - S at 120000 and 18 kilobars8 
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FIG . 5.1 
The quartz and anorthite phase intersections or contacts of 
quartz- and anorthite-bearing assemblages with the plane OS - MS - A 
in the system C - M - A - S at 120000 and 18 kilobars. 






and garnet-bearing at pressures higher than those of 	an,opxgt,cpx,qz 
All bulk compositions which develop quartz in equilibrium with 
garnet at 1200 0C and 18 kilobars are confined to the silica-rich side 
of the plane CS-MS-A in C-M-A-S and the alumina-poor side of the surface 
CAS2-C-E-F-Py shown in Fig. 5.13. It is convenient to translate the 
phase relationships shown in Fig. 5.13 into the two dimensional 
representation shown in Fig. 5.14. In this diagram the intersections 
or contacts of quartz- and anorthite-bearing assemblages with the plane 
CS-MS-A are shown. Bulk compositions which plot within the area H-G-L 
of Fig. 5.14 will crystallize clinopyroxene (H), orthopyroxene (G), and 
garnet (L). Bulk compositions which are slightly richer in silica will 
crystallize clinopyroxene (H), orthopyroxene (G), garnet (L), and quartz. 
Similarly, bulk compositions which plot within the area E-N-F-M will 
crystallize clinopyroxene and garnet. Bulk compositions which are slightly 
richer in silica will crystallize clinopyroxene, garnet, and anorthite. 
C-E, E-F, and F-Py represent the edges of the tetrahedral volumes 
anorthite-quartz-clinopyroxene, anorthite-quartz-clinopyroxene-garnet, 
and anorthite-quartz-garnet respectively. These edges fall very close 
to or within the plane CS-MS-A. The tetrahedral volume anorthite-spinel-
clinopyroxene (N) - garnet (M) straddles the plane CS-MS-A, and the edge 
N-M is contained within or falls close to the plane. 
In Figs. 5.13 and 5.14, the positions of A, B, H, C, and J have been 
located similarly to those given in section 5.5 for Figs. 5.9 to 5.12. 
The composition of orthopyroxene (C) has been roughly estimated. The 
compositions of clinopyroxenes (D), (E), and (N) have been extrapolated 
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in the same manner as those extrapolated in Figs. 5.10 and 5.12. 
Boyd and England (1959) observed pyrope stable at 12000C and 18 kilobars 
(pressures as quoted) from the reaction of enstatite, sapphirine, and 
sillimanite at slightly lower pressures. The stability of garnet (L) 
(CM 5A2 S 6) has been determined in this work (Chapter 2). The compositions 
of garnets (M) and (F) have been roughly estimated. 
The phase fields shown in Figs. 5.13 and 5.14 at 1200 0C and 
18 kilobars correspond to the phase assemblages listed in Table 5.6 
TABLE 5.6 
Compositional polyhedron 	 Stable phase assemblage 
S - CMS  -. B - C - E - H 	 quartz + clinopyroxene 
S - B - II - A - G 	 quartz + clinopyroxene + orthopyroxene 
S - MS - A - C - J 
CAS  - S - C - E 
CAS  - S - E - F 
S - E - H- L- F 
S - H - G - L 
S - G - J - L - Py 
CAS 2 - S - Py - F 
CAS 2 - E - N - F - M 
CAS 	- C - E - N - D 
CAS 2 - MA - N - . D 
CAS 	- MA - N - M 
CAS2 - MA - Py - M 
CAS 	- MA - M 2 A 2  S - Py 
CAS 	- M 2 A 2  S - AS - Py 
quartz + orthopyroxene 
anorthite + quartz + clinopyroxene 
anorthite + quartz + clinopyroxene + 
garnet 
quartz + clinopyroxene + garnet 
quartz + clinopyroxene + orthopyroxene + 
garnet 
quartz + orthopyroxene + garnet 
anorthite + quartz + garnet 
anorthite + clinopyroxene + garnet 
anorthite + clinopyroxene 
anorthite + spinel + clinopyroxene 
anorthite + spinel + clinopyroxene + gari 
anorthite + spinel + garnet 
anorthite + spinel + sapphirine + pyrope 
anorthite + sapphirine + sillimanite + 
pyrope 
84 
The compositions of the clinopyroxenes (E), and (H) shown in 
Figs. 5.10, 5.12 and 5.14 reveal the way in which many of the phase 
relationships are governed by the change of clinopyroxene composition, 
and probably orthopyroxene composition, with change of pressure at 
constant temperature. Clinopyroxenes(C), (H), and (H) progessively 
increase in alumina content with increasing pressure at constant 
temperature within the Seiland mineral subfacies. Fig. 2.2 shows that 
at about 14.2 kilobars, garnet of the composition CN 5A2S 6 becomes stable 
at 12000C with clinopyroxene and orthopyroxene. A further increase in 
pressure will tend to reduce the amount of alumina in clinopyroxene (H) 
(see Fig. 3.12), while clinopyroxenes (C) and (E) continue to increase 
in their alumina contents. As the pressure is progressively increased 
between 14.2 kilobars and the pressure required for the stable co-existence 
of garnet and quartz, the anorthite + clinopyroxene + garnet, and the 
quartz + clinopyroxene + orthopyroxene phase fields expand at the expense 
of the anorthite + clinopyroxene + orthopyroxene phase field. Eventually 
at some fixed pressure, clinopyroxene (H) and clinopyroxene (E) must 
coincide. At this pressure, the five phases clinopyroxene (H = E) + 
anorthite + quartz + garnet + orthopyroxene are in univariant equilibrium. 
This is the univariant equilibrium reaction relationship which Kushiro 
and Yoder (1966) studied when they determined the upper stability limits 
of anorthite and orthopyroxene. Compositions which remain quartz- and 
orthopyroxene-saturated at pressures higher than this reaction boundary 
may develop the assemblage garnet (L) + clinopyroxene (H) + orthopyroxene 
(C) + quartz. With a continued increase in pressure, clinopyroxene (H) 
will also continue to decrease in alumina content as clinopyroxene (H) 
continues to increase its alumina content. 
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The stable assemblages shown in Figs. 5.13 and 5.14 and Table 5.6 
illustrate that at 1200 0C and 18 kilobars a range of bulk compositions 
can develop quartz-eclogites, plagioclase-bearing quartz-eclogites, 
garnet granulites, and quartz-garnet-websterites. These phase assemblages 
are rarely associated genetically with primary spinel-lherzolites. Their 
petrogenesis is probably restricted to a granulite fades metamorphism 
of nepheline- or hypersthene-normative olivine basaltic and quartz-
normative tholeiitic compositions which have been formed at lower 
pressures (O'Hara, 1968). 
5.7 Summary of interpretation of subsolidus phase behaviour of 
an1Irous basic and ultrabasic assemblages in the spinel-iherzolite 
mineral facies 
Figs. 5.15 to 5.18 are projections of all anhIrous compositions 
containing stable orthopyroxene, clinopyroxene, and one or two additional 
phases from enstatite into part of the plane M 2S-C 2 S 3-A2S at 12000C and 
10, 12, 14, 16, and 18 kilobars. Their construction is based upon a 
knowledge of the clinopyroxene compositions in equilibrium with spine].-
pyroxene granulite and spinel-lherzolite assemblages, the estimated 
clinopyroxene composition (E) in equilibrium with orthopyroxene, anorthite, 
and quartz, and a knowledge of the pressure of reaction of opx,angt,qz,cpx 
(Kushiro and Yoder, 1966) and 
4 
 E 	 (this work). (cpx) ,opx,an,spgt, (cpx) 
Compositions with the highest silica activity will project towards 
the C25 3 corner of each projection diagram. Those with the lowest silica 
activity will project toward the A 2 
 S corner and those with intermediate 
M. 
FIGS 545 
An enstatite projection of orthopyroxene-bearing assemblages into 
the plane C 2 S3
- M2  - A2  in the system C - M - A - S at 12000C and 
1.0 kilobars0 
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silica activities across the plane from M 2  to CAS 2* 
Fig. 5.15 shows that the clinopyroxene in equilibrium with one 
of the three possible four phase assemblages at 1200 0C and 10 kilobars 
is fixed or invariant for all compositions in that tetrahedral 
compositional volume. However, the clinopyroxene in equilibrium with 
two other phases depends upon the bulk composition in that polyhedral 
compositional volume. For example, the alumina contents of clinopyroxene 
in compositions developing the assemblage orthopyroxene + clinopyroxene + 
anorthite will vary inversely to the silica activity. This is shown by 
the simplified clinopyroxene alumina-controlling reaction: 
[cMs2] [CAS 	 plag 
aCAS 
Similarly, for compositions which develop the assemblages orthopyroxene + 
clinopyroxene + forsterite, orthopyroxene + clinopyroxerie + quartz, and 
orthopyroxene + clinopyroxene + spinel, the alumina content of 
clinopyroxene varies inversely with the silica activity at any fixed 
temperature and pressure. 
Fig. 5.16 shows the change in the alumina content of clinopyroxene in 
equilibrium with each of the three possible orthopyroxenesaturated four 
phase assemblages on increasing the pressure from 10 to 14 kilobars. 	The 
volume changes of the clinopyroxene alumina-controlling reactions in 4E2 opx,cpx,ai 
and 
4 
 E 	 are approximately the same (see Table 4.2). The opx,cpx,an, sp 
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clinopyroxenes (E) and (H) will, therefore, increase their alumina contents 
by about the same amount over the four kilobar pressure increase. 
At pressures slightly greater than 14 kilobars at 1200 0C, garnet 
becomes stable and the alumina content of clinopyroxene (H) becomes 
rapidly reduced with increasing pressure. Since garnet seems to be the 
dominant aluminous phase controlling the alumina compositions of 
clinopyroxene and orthopyroxene, clinopyroxene (H) is probably common to 
the assemblages orthopyroxene + clinopyroxene + garnet + spinel, 
orthopyroxene + clinopyroxene + garnet, and orthopyroxene + clinopyroxene + 
garnet + anorthite at the same temperature and pressure (see Chapter 3.3). 
Fig. 5.17 shows the new phase assemblage at 1200 0C and 16 kilobars. From 
14 to 16 kilobars the assemblage orthopyroxene + clinopyroxene + anorthite + 
quartz remains stable (Kushiro and Yoder, 1966) and the alumina content 
of clinopyroxene (E) continues to increase with increasing pressure. As a 
result, the polyhedral compositional volume developing orthopyroxene + 
clinopyroxene + quartz continues to expand, and the volume developing 
orthopyroxene + clinopyroxene + anorthite contracts rapidly. The 
compositional volume developing orthopyroxene + clinopyroxene + spinel also 
contracts rapidly from 14 to 16 kilobars. With a further increase in 
pressure to approximately 16.5 kilobars (Kushiro and Yoder, 1966) 
- 	(pressure as reported) clinopyroxene (E) coincides with clinopyroxene (H) 
and the five phases orthopyroxene + clinopyroxene + anorthite + garnet + 
quartz are in univariant equilibrium. With a further increase in pressure 
anorthite becomes unstable with orthopyroxene. Fig. 5.18 shows the new 
set of stable phase assemblages at 18 kilobars. At pressures just over 
18 kilobars clinopyroxene (H) coincides with clinopyroxene (S) because 
of the rapid contraction of the clinopyroxene + orthopyroxene + spinel 
phase volume with increasing pressure. At this pressure the five phases 
orthopyroxene + clinopyroxene + forsterite + garnet + spinel are in 
univariant equilibrium (O'Hara et al., 1971). By a further increase in 
pressure spinel will become unstable with orthopyroxene and clinopyroxene 
and the assemblage orthopyroxene + clinopyroxene + forsterite + garnet will 
exist in divariant equilibrium. 
In summary, Figs. 5.15 to 5.18 demonstrate: 
that the clinopyroxene composition in any four phase assemblage in 
C-N--A-S is constant at any one temperature and pressure regardless 
of the bulk composition of that assemblage. The alumina content of 
the clinopyroxene in each four phase assemblage is unique to that 
phase assemblage at any one temperature and pressure. 
that the clinopyroxene composition at any three phase assemblage 
is variable at any one temperature and pressure and depends upon 
the bulk composition or the silica activity. 
that changes in clinopyroxene compositions in four phase assemblages 
with changes in pressure can result in the equilibria becoming 
univariant. As a result, univariant reaction relationships in 
C-M-A-S are controlled by the solid solution behaviour of co-existing 
pyroxenes. 
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EXPERIMENTAL WORK III 
VARIATIONS IN THE COMPOSITION OF CLINOPYROXPNE IN THE 
PLAGIOCLASE-LHERZOLITE MINERAL FACIES IN C-N-A--S 
The experimental procedure and the analysis of the results are 
described in Appendix A. The compositions of the starting materials are 
given in Appendix B. The results are tabulated in detail in Appendix C.3. 
6.1 	Introduction 
O'Hara (1967c) attempted to show the variation in the composition of 
clinopyroxene in the plagioclase-lherzolite mineral assemblage with 
temperature and pressure on the basis of a study of the relative 
differences in composition of clinopyroxenes in natural four phase 
lherzolites of different mineral facies. Menzies (1973), Menzies and 
Allen (1974), Boudier (1972), and Nicolas (1966) have shown that 
'magmatic-type' mafic layers, as described by Dickey (1970), are normally 
contained within the host peridotite as trapped partial fusion products 
of the plagioclase-bearing peridotite itself. The analyses of clinopyroxenes 
in the peridotite and gabbroic layers from Lanzo, Italy (Nicolas, 1966) 
are very similar. This implies that the subsolidus reactions which control 
the clinopyroxene composition in the lherzolite are similar or related to 
those which control the clinopyroxene composition in the gabbros. The 
purpose of this  chapter is to show how clinopyroxene compositions in 
plagioclase-lherzolites and their associated gabbroic assemblages are 
controlled by the temperature and pressure of equilibration; furthermore, 
it is intended to show how this clinopyroxene compositional variability , 
affects mineral parageneses of various bulk compositions. 
6.2 Phase relationships of compositions contained within the plane 
CS-MS-A at 12000C and atmospheric pressure 
Fig. 6.1 shows the subsolidus phase relationships of compositions 
contained in part of the plane CS-MS--A at 1200 0C and atmospheric pressure. 
Bulk compositions which crystallize clinopyroxene and three other phases 
have a fixed clinopyroxene composition. The clinopyroxene composition in 
any three phase assemblage is variable and is controlled by the bulk 
composition. In the phase volume forsterite + anorthite + clinopyroxene, 
the stable clinopyroxene composition should lie along a straight line 
projected through that bulk composition from the forsterite-anorthite 
piercing point toward CS-MS. This was not strictly observed in these 
experiments even though the compositions were held at 1200 0C for 28 days. 
This confirm's Biggar's (1969) observations that equilibrated clinopyroxene 
can only be obtained when a gel is crystallized at a few degrees below its 
beginning of melting at atmospheric pressure. The extent of the error, 
however, is probably not very great. The alumina contents of the 
clinopyroxenes are probably accurate to within + 1 wt%. The amount of 
enstatite determined in the clinopyroxenes appear to be 2 to 3 wt% too 
high, as is suggested by the projection of the tie lines joining the 
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FIG. 6.i 
Phase relations of some compositions in the plane CS - MS - A 
in the system C M - A - S at 120000 and atmospheric pressure. 
Large open circles refer to the bulk compositions used in the 
experiments. A small closed circle joined to each large open circle 
refers to the composition of the clinopyroxene synthesized from that 
bulk composition. 





compositions in the forsterite-anorthite--clinopyroxene phase field with 
the forsterite-anorthite piercing points toward CS-MS. Equilibrium 
clinopyroxene compositions should lie along this tie line. 
The shape of the clinopyroxene solid solution polyhedron and the 
overall phase relationships observed in these experiments are very similar 
to those determined by Biggar (1969) on compositions within the plane 
CS-MS-A which were crystallized at a few degrees below their melting 
points. The composition of the melilite synthesized in this work was 
taken from Biggar (1969). Although Biggar's (1969) conclusion, that 
stable clinopyroxene solid solutions probably do not exist along the join 
CMS 2
-CASat atmospheric pressure, is probably correct, the extent to which 
they plot off this join is probably considerably less than that suggested 
by Biggar (1969). Biggar's (1969) clinopyroxene solid solution - x-ray 
diffraction grid was constructed from the clinopyroxene 20 221 and 310 
diffraction peak positions of calcium tschermak's molecule and two 
homogeneous clinopyroxene compositions along the diopside-enstatite join. 
The 20 221 and 310 diffraction positions of intermediate members of the 
diopside-enstatite-calcium tschermak's molecule solid solution series were 
estimated by a rectilinear interpolation of the three determinations. The 
cell parameters of the diopside-calcium tschermak's molecule solid solution 
series (Clark et al., 1962) show that the solid solution series is non-
ideal. The change of the clinopyroxene 20 diffraction peak positions with 
change of clinopyroxene composition is, therefore, non-linear. The 
clinopyroxene solid solution - x-ray diffraction grid used in this work 
was constructed from the intermediate members of the three end-member 
clinopyroxene solid solution series. The grid shown in Figs. 3.1 and A.l 
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show the non-linear nature of the change of diffraction peak position 
with composition (Appendix A.2.2 explains in detail the method of 
construction of this grid). The clinopyroxene compositions determined 
by Biggar (1969) from his grid are, therefore, all too high in the amount 
of enstatite by at least 10 mole percent. The composition of the 
clinopyroxene in partial equilibrium with anorthite + spinel + melilite 
determined in this work plot only slightly to the enstatite side of the 
join CMS 2-CAS. 
The composition of enstatite (J) and the phase relations shown in 
Fig. 6.1 for compositions in the wollastonite-poor side of the plane 
CS-MS-A were derived from the data of Anatasiou and Seifert (1972). The 
composition of enstatite solid solution (C) has been roughly estimated 
and is indicated diagrammatically in Fig. 6.1. 
6.3 Phase relationships of compositions contained within the plane 
CS-MS-A at 1250 0C and 7 kilobars 
Fig. 6.2 shows the compositions of clinopyroxenes determined from 
syntheses on various bulk compositions which were run at 1250 0C and 7 
kilobars for 21 days. These runs were performed in an internally heated 
gas pressurized vessel using argonasthe gas medium. The clinopyroxene 
solid solutions synthesized in the phase assemblages are probably near-
equilibrium; the tie-lines joining the clinopyroxene compositions to 
their respective bulk compositions, which crystallize three phases, project 




The phase relations of some compositions in the plane CS - MS - A 
in the system C - M - A - S at 12500C and 7 kilobars0 
The large open circles refer to,the bulk compositions used in 
the experiments. A small closed circle joined to each large open 
circle refers to the composition of the clinopyroxefle synthesized 
from that bulk composition. 
G refers to the estimated composition of orthopyroxefle synthesized 
with forsterite, anorthite, and clinopyroxene. 









composition (D), along the CMS 2
-CASjoin, was determined from the 
syntheses performed by Yoder (1968). 
Fig. 6.3 is an interpretation of the equilibrium clinopyroxene 
solid solution and phase behaviour of some compositions in the plane 
CS-MS-A at 12500C and 7 kilobars 'dry'. The orthopyroxene composition (J) 
and the phase relations in the wollastonite-poor side of the plane 
CS-MS-A have been derived from the data of Anatasiou and Seifert (1972). 
The stability of wollastonite + high-alumina clinopyroxene solid solution 
was determined by Yoder (1968). The melilite composition has been 
estimated on the basis of the higher pressure of stability of gehlenite + 
anorthite (Hays, 1966) relative to aO kermanite + anorthite (Yoder, 1968) 
at high temperatures. The composition of orthopyroxene (G) has been 
roughly estimated. 
6.4 Interpretation of phase relations 
A comparison of Figs. 6.1 and 6.2 shows that a seven kilobar increase 
in pressure has the following noteworthy effects on the composition of the 
clinopyroxene in divariant equilibrium with three other phases: 
1. 	the alumina content of clinopyroxene in equilibrium with forsterite, 
enstatite solid solution, and anorthite increases substantially and 
the enstatite content decreases slightly. The observed increase in 
the alumina content of clinopyroxene may be controlled by the 
reaction: 




An interpretation of the possible phase relations of compositions 
along the diopside-calcium tschermak's molecule join at 1200 00 and at 
pressures from one atmosphere to 11 kilobars. 
Open circle refers to approximate clinopyroxene composition at 
atmospheric pressure as determined from this work. 
Open triangle refers to approximate clinopyroxene composition at 
6.5 kilobars as determined. by Yoder (1968). 
Open square refers to calcium tschermak's molecule synthesized 
by Hays (1966) at 11 kilobars. 













2. 	the alumina content of clinopyroxene in equilibrium with forsterite, 
spinel, and anorthite remains essentially unchanged and the enstatite 
content increases substantially. The observed increase in the 
enstatite content of clinopyroxene may be controlled by the 
reaction: 
CAS  + 2M2S zt CMS 	+ 2MS + MA 	AV = -31.9 (A) 3 	(Eq. 6.2) 
- where enstatite becomes dissolved in clinopyroxene solid 
solution because it is not stable as a separate phase. 
3. 	the alumina content of clinopyroxene in equilibrium with anorthite, 
melilite, and spinel increases substantially. This increase in 
alumina may be controlled by the reactions: 
2C2MS 2 	+ MA + 3 CAS 2 = 3 CMS 2 + 4CAS AV = -121.7 (A) 3 (Eq. 6 
(âkermanite) 
2C2AS 	+ MA + 3CAS 2 	CMS 	+ 6CAS AV = -126.1 (A) 3 (Eq. 6 
(gehlenite) 
Fig. 6.4 shows the possible anhydrous, subsolidus phase relationships 
at 12000C and pressures from one atmosphere to 11 kilobars along the 
pseudobinary join CMS 2-CAS as inferred from this work, Yoder (1968), 
Hays (1966), and Clark et al. (1962). 
The extremely large negative molecular volume changes of reactions 
Eq. 6.3 and Eq. 6.4 are consistent with the large increase in calcium 
tscherrnak's content of clinopyroxene with small increases in- pressure at 
1200°C. 
Fig. 6.5 illustrates the above changes in the composition of 




An interpretation of the phase relations of some compositions in 
the plane CS - MS - A in the system C - M - A - S at 12500C and 5, 7, 
and 9 kilobars. 
The arrows indicate the change of clinopyroxene composition and 
the expansion and contraction of various phase fields with increasing 
pressure at constant temperature. The numbers refer to the pressure 
in kilobars. D5, D7, and D9 refer to the composition of clinopyroxene 
in equilibrium with anorthite, melilite, and spinel at 5, 7, and 9 
kilobars respectively at 1250°C 
1250 ° C 




and 5, 7, and 9 kilobars. The clinopyroxene compositions in 
4 
E 2 	 and 
4 
 E 2 	 at 9 kilobars have been estimated 
fo,an,cpx,sp 	fo,an,cpx,opx 
from the known compositions at 7 kilobars and from their common 
composition at about 9.3 kilobars (the clinopyroxene composition in 
fo,an=cpx,opx, sp at 1250
0C - Chapter 3). The clinopyroxene composition 
in 
4 
 E 	 and 
4 
 E 2 	 at 12500C and 5 kilobars have been 
fo,an,cpx,sp 	fo,an,cpx,opx 
estimated from the known compositions at atmospheric pressure and 7 
kilobars. The clinopyroxene compositions in 4E 2 	 at 12500C cpx,an,mel,sp 
and 5 and 9 kilobars have been estimated from Fig. 6.4. 
The estimated clinopyroxene compositions at 5 and 9 kilohars have 
been shown with the experimentally determined compositions in order to 
illustrate the expanding and contracting nature of the various phase 
fields with change of pressure at constant temperature. The contraction 
of the forsterite + anorthite + clinopyroxene phase field with increasing 
pressure reduces the probability of crystallizing a simple gabbroic, or 
plagioclase + clinopyroxene + olivine assemblage. Gabbroic compositions 
which plot to the silica-poor side of the C.I.P.W. normative composition 
'plane' plagioclase-olivine-diopside (Yoder and Tilley, 1962) may 
crystallize plagioclase + olivine + clinopyroxene at low pressures and 
plagioclase + olivine + high-alumina clinopyroxene + spinel or plagioclase 
+ high-alumina clinopyroxene + spinel at high pressures within the 
plagioclase-lherzolite mineral facies. Similarly, gabbroic compositions 
which plot to the silica-rich side of the 'plane' plagioclase + olivine + 
diopside (Yoder and Tilley, 1962) may crystallize plagioclase + olivine + 
clinopyroxene at low pressures and plagioclase + divine + high-alumina 
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clinopyroxene + orthopyroxene at high pressures within the plagiociase-
iherzolite mineral facies. This contracting behaviour of the forsterite + 
anorthite + clinopyroxene phase volume in C-M-A--S with increasing pressure 
suggests that the olivine-gabhro divide (Yoder and Tilley, 1962), which 
inhibits the derivation of alkali olivine-basalt magmas from hypersthene-
normative tholeiites and olivine-tholeiites by fractionation of one from 
the other at low pressures, changes its position from that located by 
O'Hara and Schairer (1963) at atmospheric pressure to more silica-rich 
positions with increasing pressure. Fig. 6.5 suggests that the position 
of the olivine-gabbro divide approaches the plane diopside-anorthite-
forsterite in C-N-A-S at about 9 kilobars. 
Clinopyroxenes, which have equilibrated at any temperature and 
pressure in a plagioclase-lherzolite and its contained 'magmatic-type' 
mafic layers (Dickey, 1970) of the same four phases, should contain 
approximately the same amounts of alumina and enstatite in solid solution. 
Whilst the alumina content of clinopyroxenes in plagioclase-lherzolites 
and enstatite-bearing troctolites are sensitive to changes in pressure, 
the enstatite content of clinopyroxene is relatively insensitive. An 
indication of the pressure of equilibration of these rocks may be revealed 
by the amount of alumina in clinopyroxene solid solution. 
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I'll ADTt't •7 
EXPERIMENTAL WORK IV 
THE INFLUENCE OF SODIUM ON PHASE RELATIONSHIPS OF SPINEL-LHERZOLITE 
ASSEMBLAGES IN THE SYSTEM C-N-M--A-S 
The experimental procedure and the analysis of the results are 
described in Appendix A. The composition of the starting material is 
given in Appendix B. The results are tabulated in detail in Appendix C.4. 
7.1 Introduction 
Eraslie (1970) and Green and Hibberson (1970) have shown that sodium 
tends to expand the olivine + plagioclase stability field to higher 
pressures than those estimated for olivine + anorthite. These experiments 
on a forsterite + labradorite composition confirm their observations. 
The number of components in this system are five. The univariant 
equilibrium separating the forsterite + anorthite assemblages at low 
pressures from the clinopyroxene + orthopyroxene + spinel assemblages at 
high pressures in C-M--A-S is replaced by a divariant transition zone in the 
system C-N-M-A-S. Complex reactions involving changes in plagioclase and 
clinopyroxene solid solution compositions occur over a range of pressures 
at any given temperature. The purpose of this experimental work has been 
to investigate the nature of this transition zone in order to assess the 
changes in clinopyroxene compositions within it. 
FIG. 7.1 
Variations in the relative modal amounts of the products of the 
reaction between Ilforsterite and 61abradorite with pressure at 
1150°C. 	 - 
Five x-ray diffraction peak intensity ratios measured for each 
experiment. 
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7.2 Discussion of experimental data 
The changes in the clinopyroxene compositions and the changes in the 
relative modal amounts of the reactants and products within the divariant 
transition zone are indicated in Figs. 7.1 to 7.4 for experiments 
performed on composition D (2NaA1Si308 4CaAl 2Si 208+llMg2SiO4 ). 
Fig. 7.1 illustrates that at 1150 0C forsterite and labradorite remain 
compatible until about 10.5 kilobars. From 11 to 14 kilobars clinopyroxene, 
orthopyroxene, spinel, forsterite, and plagioclase are stable. The 
clinopyroxene 221 and 310 x-ray diffraction peak positions of clinopyroxene, 
shown in Fig. 7.2, suggest that in this pressure range the clinopyroxene 
composition is very similar to that at the same conditions 
4 
E 2 	 in C-M--A-S. This suggests that the plagioclase is probably fo,cpx,opx,sp 
albite or possibly oligoclase in composition. Appreciable amounts of the 
anorthite end-member in the plagioclase would tend to increase the amount 
of calcium tschermak's molecule of c1inopyroxne with increasing pressure at 
11500C (Chapter 3.2). The relatively constant clinopyroxéne 221 and 310 
diffraction peak positions indicated from the 11 to 14 kilobar experiments 
rule out this possibility. The following simplified reaction is probably 
relevant to the first stage of this divariant reaction zone: 
NAS 6 4CAS2 + 11M2S 	(3+xi-a)M2S + (4-x)CMS 2 xCAS yMS + 2(4-a)MSaMASb 
+ (4-x-a)MA + NAS6 	 (Eq. 7. 
- where x, y, a, and b are fixed for any temperature and pressure. 
Fig. 7.1 indicates that at 1150 0C and pressures between 14 and 16 
kilobars, the remaining plagioclase begins to react with forsterite. 
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The sharp increase in the orthopyroxene to forsterite peak intensity 
ratios indicates that orthopyroxene is produced. Fig. 7.2 indicates 
that the clinopyroxene rapidly changes its composition with increasing 
pressure. The observed change in the 221 and 310 clinopyroxene x-ray 
diffraction peak positions at pressures greater than 14 kilobars can be 
explained only by jadeite entering into the clinopyroxene. The following 
simplified reaction is probably relevant to this second stage of the 
divariant reaction zone: 
(3+x+a)M2S + (4-x)CMS 2 xCAS•yMS + 2(4-a)MS.aMAS•bCMS2 + (4-x-a)MA + 
NAS 6 	(3 +a-j)M2S + (4-x)CMS 2 .xCAS•yMS'jNAS4 + 2(4-a+j)MSaMAS.bCNS 2 
(omphacite) 
(4-x-a)MA + (1-j)NAS 6 (Eq. 	7.2) 
- where x, y, a, b, and j are fixed for any one temperature and 
pressure. 
The right-hand side of Eq. 7.2 describes the phase relationships and the 
change in the composition of clinopyroxene in stage 2 of the reaction zone, 
which is at pressures between the onset of jadeite entry into clinopyroxene 
and the entry of garnet, between 18 and 19 kilobars at 1150 0C. Plagioclase 
and forsterite were observed optically and in the x-ray diffraction traces 
at 16 and 18 kilobars at 1150 0C. The plagioclase to forsterite peak 
intensity ratios of Fig. 7.1 indicate that plagioclase becomes greatly 
reduced in amount with increasing pressure in stage 2 of the reaction zone. 
Eq. 7.2 can be simplified by the following reaction: 
3M2S + NAS6 	(3-j)M2S + (1-j)NAS 6 + 	.jNAS4 	+ 2jMS 	 (Eq. 7. 
(jadeite) 
- where j increases with increasing pressure at constant temperature 
in stage 2 of the transition zone. 
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Between 18 and 19 kilobars at 1150 0C garnet appears due to the simplified 
reaction: 
(3+x+a-j)M2S + (4-x)CMS 2 xCASyMSjNAS 4 + 2(4-a+j)MSaMASbCNS 2 + 
(4-x-a)MA 	(7-j)M2S + 4CM2AS3 (?) + jNAS4 + 2jMS 	 (Eq. 7.4) 
The appearance of garnet defines stage 3 of the transition zone. The actual 
composition of the garnet is unknown; however, it is probably more pyrope-
rich than the formula in Eq. 7.4 suggests. The presence of spinel 
remaining at pressures greater than 19 kilobars indicates that the reaction 
has not gone to completion at 1150 0C. Fig. 7.2 indicates that the reaction 
of the calcium-rich end-members of the clinopyroxene solid solution between 
18 and 19 kilobars to form the grossular component of the garnet increased 
the amount of jadeite in the clinopyroxene. This increase in jadeite may 
also be due to the continued reaction of forsterite and some remaining 
albite in stage 3 of the transition zone according to the reaction indicated 
by Eq. 7.3. Although no plágioclase could be detected in the x-ray 
diffraction traces, very fine films of a low refractive index phase in the 
stage 3 assemblages indicated that it may be present. It was impossible to 
determine with any certainty the maximum pressure of stability of plagioclase 
at 11500C because of uncertainties in its identification. However, Fig. 7.2 
suggests that at pressures greater than 22 kilobars the increase in the 
jadeite content of the clinopyroxene may be negligible. This indicates 
that some plagioclase may have been present at pressures lower than 22 
kilobars as a supply of jadeite toclinopyroxene. This pressure coincides 
with the minimum pressure required to form pure jadeite from albite and 
nepheline at 1150 0C, as determined by Bell and Roseboom (1965). 
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FIG•o j 
Variations in the relative modal amounts of the products of the 
reaction between Ilforsterite and 61abradorite with pressure at 
125000. 	 - 
Four x-ray diffraction peak intensity ratios measured for each 
experiment 
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Figs. 7.3 and 7.4 show that stages one, two, and three of the 
transition zone can also be observed in the runs at 12500C. Only the 
high pressure region of stage 1 is present because of the relatively low 
temperature of the solidus. The minimum pressure of stage 2 at 1250 0C is 
about 1.5 to 2 kilobars higher than that at 1150 0C. dT/dP for the boundary 
at which jadeite enters into clinopyroxene is + 67 0C/kb which is nearly 
identical to that for the jadeite isopleths in omphacite in quartz 
saturated assemblages, as determined by Kushiro (1969). It is also nearly 
identical to dT/dP of the univariant breakdown of nepheline and albite to 
form jadeite (Bell and Roseboom, 1965) and the univariant breakdown of 
albite to form jadeite and quartz (from extrapolations made by Kushiro 
(1969) on the data of Birch and LeComte (1960), Newton and Smith (1967), and 
Newton and Kennedy (1968)). Jadeite isopleths in omphacite in equilibrium 
with forsterite + albite + orthopyroxene + spinel are probably parallel to 
those determined by Kushiro (1969) in temperature-pressure space. 
Appendix A explains the difficulties that were encountered in extracting 
any absolute values of jadeite in the synthesized omphacite. 
The presence of six phases at 1150 0C and 12500C in stage three of 
the transition zone indicates that one of them is unstable (maximum of 
5 phases in divariant equilibrium in this system). Because forsterite is 
saturated in all phase assemblages in stages 1, 2, and 3 of the transition 
zone, either spinel or plagioclase is the unstable phase in stage 3. It 
is tentatively suggested that spinel is the unstable phase due to its ease 
of nucleation and its difficulty in breaking down. 	 - 
Garnet becomes stable at 1250 0C between 19 and 20 kilobars. From the 
minimum pressure of stability of garnet at 1150 0C in this system, it appears 
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FIG, 7. 
Summary of experimental results on the composition llforsterite + 
61abradorite in the plagioclase-, spinel-, and garnet-iherzolite 
fades in the system C - N - M - A - S. 
The circle defines the plagioclase-lherzolite to spinel-lherzolite 
facies boundary at 1 1500C in the system C - N - - A - S. 
Oniphacite-bearing spinel-lherzolite and garnet -lherz ol i te assemhla 
are stable at pressures higher than those indicated by the line joining 
the squares. Ornphacite-free spinel-lherzolite and plagioclase-lherzolil 
assemblages are stable at pressures less than those indicated by the 
line joining the squares. 
Garnet co-exists with forsterite at pressures higher than those 
indicated by the curve joining the diamonds. 
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that sodium may tend to increase the minimum pressure of stability of 
garnet + forsterite with respect to the sodium-free system C-M-A-S 
(O'Hara et al., 1971) by about 0.5 to 1.0 kilobar. 
7.3 Interpretation of experimental results 
Fig. 7.5 summarizes these experimental results. The maximum pressures 
at which plagioclase is stable have not been estimated because of the 
uncertainties cited above. However, this maximum pressure marks the end 
of stage 3 of the transition zone. The composition of the plagioclase 
in the transition zone could neither be determined optically, because of 
the fine grain size, nor by x-ray diffraction, because of the interference 
of plagioclase x-ray diffraction peaks with those of other phases. However, 
as explained in section 7.2 the plagioclase is probably very close to 
albite in composition. 
The observations made by Green and Hibberson (1970), on experiments 
performed on glasses and mechanical mixtures of olivine and labradorite 
using a -10% friction correction, are similar in most respects to the 
observations made on the experimental results of this work. They 
concluded, however, that at I1000C plagioclase disappears at pressures 
greater than 13.5 to 15.7 kilobars. This is in conflict with the direct 
observations of plagioclase and its effect on the jadeite content of 
clinopyroxene at pressures higher than 16 kilobars at 1150 0C. It is 
probably no coincidence that plagioclase may be stable at 11500C in this 
system up to the pressures where jadeite is formed from nepheline and 
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albite (Bell and Roseboom, 1965) since both chemical systems are 
undersaturated in silica. 
Chapter 6 and the work of Içushiro (1969) show that large amounts of 
calcium tschermak's molecule and jadeite can be stable in clinopyroxene 
at temperatures and pressures where the pure end-members are not stable. 
Kushiro (1969) has shown that clinopyroxene in equilibrium with albite 
and quartz becomes progressively enriched in jadeite with increasing 
pessures and that a complete solid solution series between diopside and 
jadeite exists when pure jadeite is stable in the presence of quartz. 
Similarly in the silica-undersaturated system, a complete solid solution 
series between diopside and jadeite may be found when pure jadeite is 
stable in the absence of quartz, as investigated by Bell and Roseboom 
(1965). Thus it is probable that clinopyroxene in equilibrium with albite 
and forsterite will become progressively enriched in jadeite with 
increasing pressure until the pressure of stability of pure jadeite where 
continued enrichment must be terminated by the reaction: 
2M2S + NAS 6 x=t 4MS + NAS4 	 (Eq. 7.5) 
Yoder and Tilley (1962) showed that enstatite and jadeite were stable at 
12500C and 33 kilobars. The data of Bell and Roseboom (1965) suggests 
that much lower pressures are adequate to stabilize enstatite and jadeite 
at 1250°C. 
The width of the plagioclase-bearing transition zone at any one 
temperature will depend upon the total amount of sodium in the system. 
Composition D used in these experiments contained 1.95% Na 20, which 
developed about 16.5 wt% albite in stage 1 of the transition zone. This 
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large amount of albite was capable of providing over 30 wt% jadeite in 
the clinopyroxene in stage 2 or 3 of the transition zone. Most natural 
alpine-type spinel-lherzolites contain less than one-quarter of a percent 
Na20 and hence only minor amounts of albite will be present in stage 1 
of the transition zone. Most of this albite will react with forsterite to 
form jadeite and enstatite within the first few kilobars of stage 2. Albite 
is totally absent in garnet-lherzolites. Similarly, albite is usually 
absent in most spinel-lherzolites which have wholly or partially 
equilibrated within the temperatures and pressures of stage 2 of the 
transition zone (Chapter 8). Any sodium in these spinel-lherzolites are 
usually bound into jadeite or acmite (if Fe 203 is available) in 
clinopyroxene solid solution. Thus in natural spinel-lherzolites the 
width of the plagioclase-bearing transition zone is very narrow. 
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CHAPTER 8 
SUMMARY OF EXPERIMENTAL RESULTS, GEOLOGICAL IMPLICATIONS, CONCLUSIONS 
8.1 Summary of experimental results in C-N-M-A-S 
Figs. 8.1, 8.2, 8.3, and 8.4 summarize the experimental results of 
the preceding chapters and include extrapolated clinopyroxene solid 
solution compositions at high pressures, based upon data from Boyd (1970) 
and O'Hara (unpublished data), and at low temperatures. The temperature-
pressure conditions of 
4 
 E 1 	 and fo,ancpx,opx,sp 	(cpx),opx,an,sp'gt,(cpx) 
have also been extrapolated to low temperatures. Fig. 8.4 shows those 
conditions where calcium tschermak's molecule and jadeite are stable 
in clinopyroxene in ultrabasic assemblages. The conditions where jadeite 
is stable in clinopyroxene in anorthite and quartz assemblages (Kushiro, 
1969) is shown for comparison. 
Basic and ultrabasic compositions in the simplified system C-N-M-A-S 
are characterized by the following important equilibrium phase and 
clinopyroxene solid solution behaviour: 
Torsterite and anorthite are compatible phases in basic and ultrabasic 
assemblages at all pressures less than 8 to 8.5 kilobars. The 
conditions where they become incompatible are essentially pressure 
dependent at low temperatures, and pressure and temperature dependent 
at high temperatures. Sodium tends to increase the stability of 
forsterite and plagioclase to slightly higher pressures. 
The composition of the equilibrium clinopyroxene solid solution in 
FIG-6 8.1 
Variations in the alumina and enstatite contents of clinopyroxene 
with temperature and pressure in plagioclase-lherzolite, soinel-
lherzolite, and garnet-lherzclite mineral. asssemblages in the system 
C M A S. 
The solid numbered lines are the alumina contents of clinopyroxene 
(weight percent). 
The broken numbered lines are the enstatite contents of clino- 
pyroxene (weight percent). 
O'H refers to 7 wt % alumina in clinopyroxene determined by 
O'Hara (unpublished). 
B refers to the alumina and enstatite content of clinopyroxene 
determined by Boyd (1970). 
F refers to the approximate alumina and enstatite content of 
clinopyroxene determined by Ford (i 974) 
The piagic;clase-lherzolite to spinel-lherzoiite fades boundary 
in the system C - M - A - S is shown by (I). 
The spinel-lherzolite to garnet-lherzollte fades boundary in 
the system C - M - A - S is shown by (iii) (O'Hara et al., 1971). 
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FIG. 82 
Variations in the alumina and enstatite contents of clinopyroxene 
with temperature and pressure in plagioclase-lherzolite, protoenstatite 
an/or orthopyrcxene-troctolite, spinel-granulite (Senand), arigite, 
garnet-websteritc and garnet-1herzolite mineral assemblages in the 
system C M - A S. 
The solid numbered lines are the alumina contents of clinopyroxene 
(weight percent). 
The broken numbered lines are the enstatite contents of clino-
pyroxene (weight percent). 
B refers to the alumina and enstatite content of clinopyroxene 
determined by Boyd (1970)0 
• 	O'H refers to 7 v % alumina in clinop3lroxene determined by 
O'Hara (unpublished). 
P refers to the anproxiinate alumina and enstatite content of 
clinopyroxene determined by Ford (1974). 
The plagioclase-lherzolite to spinel-lherzolite facies boundary 
in the system C - M - A - S is shown by (I). 
The Seiland subfacies to arigite subfacies boundary in the 
system C - M - A - S is shoun by (Ii). 
The spinel-lherzolite to garnet-lherzolite facies boundary 
Iin 
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FIG. 8 
The temperatures and pressures where calcium tschermak s molecule 
and jadeite are soluble in clinopyroxenes of ultrabasic assemblages. 
The stability fields of pure jadeite in the silia oversaturated 
and silica undersaturated part of the system N - A - S are shown 
for comparison. 
The 10 mole % jadeite content of clinopyroxene (Kushiro, 1969) 
refers to clinopyroxene in the assemblage clinopyroxene + albite + 
quartz. 
The plagioclase-lherzolite to zpinel-lherzolite fades boundary 
in the system C - M A - S is shown by (i). The same facies 
boundary in the system C N - M - A - S is shown by (I-N). 
The spinel-lherzolite to garnet-lherzolite facies boundary in 
the system C M - A - S is shown by (III) (O'Hara et al., 1971). 
The same facies boundary in the system C - N -- M - A - S is shown 
by (111-N). 
Jadeite is soluble in clinopyroxenes of ultrabasic assemblages 
at pressures higher than the line indicated by ?( NAS in Cpx. 
Calcium tschermakt s molecule is soluble in clinopyroxenes of ultra-
basic assemblages at temperatures higher than the aurve indicated by 
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soda-free basic compositions, which develop anorthite + forsterite + 
clinopyroxene + enstatite solid solution, is the same as the 
equilibrium clinopyroxene composition in. soda-free ultrabasic rocks 
of the same assemblage at any given temperature and pressure. The 
alumina content of clinopyroxene of the above assemblage increases 
with increases in temperature and pressure. Enstatite in clinopyroxene 
solid solution increases mainly with increases in temperature and 
decreases slightly with increases in pressure. The cross-cutting 
attitudes of alumina and enstatite isopleths of clinopyroxene in 
temperature-pressure space renders it a potentially strong geothermometer 
and geobaronieter of stable plagioclase-lherzolites and enstatite-bearing 
troctolites. The equilibrium clinopyroxene composition inplagioclase-
lherzolites becomes omphacitic only at low temperatures and high 
pressures of the plagioclase-lherzolite fades. 
3. 	Orthopyroxene is compatible with both anorthite and spinel at all 
pressures less than 13.8 to 14 kilobars. The conditions where they 
become incompatible are essentially pressure dependent at low 
temperatures, and temperature and pressure dependent at high 
temperatures. This incompatibility results in the growth of a stable 
garnet of the approximate formula CM 5A2S 6 . Garnet of this composition 
is stable with clinopyroxene and orthopyroxene over a wide range of 
temperatures and pressures. The presence of stable garnet is confined 
to olivine-free assemblages within the spinel-lherzolite mineral facies 
and defines the arigite mineral subfacies. The presence of sodium in 
the system increases the maximum pressure of stability of spinel-
lherzolites. 
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4. 	The equilibrium alumina contents of clinopyroxenes of soda-free 
and olivine-free compositions crystallizing to the Seiland or arigite 
mineral assemblages are always greater than or equal to the equilibrium 
alumina content of clinopyroxenes in soda-free ultrabasic compositions 
crystallizing to the spinel-lherzolite mineral assemblage at any given 
( temperature and pressure. The equilibrium enstatite contents of the 
clinopyroxenes in all the above four phase assemblages are the same 
at any given temperature and pressure. The cross-cutting attitudes 
of the alumina and enstatite isopleths of clinopyroxene of the Seiland 
and arigite mineral assemblages in the temperatures and pressures of 
the spinel-lherzolite mineral facies renders it a potentially strong 
geothermometer and geobarometer of equilibrated spinel-pyroxene 
granulites, arigites, websterites, and probably garnet granulites. 
Alumina and enstatite in clinopyroxene solid solution in equilibrated 
spinel-lherzolites vary sympathetically to changes in temperature and 
pressure. The composition of clinopyroxene is relatively insensitive 
to changes in pressure; as such, it is useful only as a geothermometer 
of equilibrated spinel-lherzolites. The equilibrium clinopyroxene 
composition in sodium-bearing spinel-lherzolites may be otiiphacitic 
throughout the high pressure and low temperature regions of the 
spinel-lherzolite facies. At high temperatures and low pressures 
spinel-lherzolites will crystallize clinopyroxene with very little 
jadeite in solid solution. 
5. 	The equilibrium clinopyroxene compositions of soda-free and olivine-free 
compositions in the garnet-lherzolite facies, which crystallize garnet + 
clinopyroxene + orthopyroxene, are probably the same as the equilibrium 
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clinopyroxene compositions of soda-free ultrabasic compositions 
which crystallize garnet-lherzolites at any given temperature and 
pressure. Garnet of the composition CM 5A2 S 6 is the dominant phase 
which affects the alumina content of clinopyroxene in garnet-
websterites. Garnet of this composition is also found in garnet-
lherzolites. There is no reason to believe that olivine will 
substantially affect the composition of clinopyroxene in garnet-
lherzolites. The cross-cutting alumina and enstatite isopleths of 
clinopyroxene in temperature-pressure space renders clinopyroxene a 
potentially strong geothermometer and geobarometer of garnet-
websterites and garnet-lherzolites. 
Fig. 8.3 shows the temperatures and pressures where the alumina content 
of cilnopyroxene in equilibrium with four phase soda-free and divine-free 
42 
conpositions (i.e. 4 2 
	 4 2 	 , 
E , E , 
fo,cpx,en,an 	an,cpx,opx,sp 	gt,cpx,opx,sp 
4 
E 2 	) differs from the alumina content of clinopyroxene in equilibriun gt,cpx,opx 
with four phase soda-free olivine-rich compositions (i.e. 
4 
 E 2 fo,cpx,en,an 
4 
E 2 
	 4 E 2 
f'	
fo,cpx,opx,gt of the same mineral facies. 
o,cpx,opx,sp  
8.2 Application of experimental results to natural basic and ultrabasic 
assemblages 
The applicability of the experimental results in the simplified system 
C-N-M-A-S to the understanding of the subsolidus petrogenetic history of 
natural basic and ultrabasic assemblages depends mainly on the degree to 
which the natural rock chemistry approaches this simplified chemical system. 
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Other important components which are common to natural basic and ultrabasic 
rocks are FeO, Ti0 2 , Fe203 , and Cr 203 . These components affect the 
position of the reaction boundaries which separate one phase assemblage 
from ariother.in temperature-pressure space (Chapter 7; O'Hara, 1967a; 
O'Hara et al., 1971; Green and Hibberson, 1970; MacGregor, 1970; Green 
and Ringwood, 1967b). Univariant boundaries in C-H-A-S become multivariant 
transition zones with addition of other components to the system. The 
effect of these components on the solubility of alumina and enstatite in 
clinopyroxene solid solution is only qualitatively understood. Chapter 2 
dealt with the effects of other components on the position of the various 
phase boundaries studied. The position of these boundaries also controls 
the compositions of the pyroxenes involved in the equilibrium. Since FeO 
stabilizes garnet to lower pressures, the garnet-aluminous pyroxene subsolidw 
reaction relationships must also be affected to lower pressures. Small 
amounts of FeO greatly enhance the amount of hypersthene in clinopyroxene 
solid solution at any fixed temperature (Lindsley and Munoz, 1969). Thus 
the apparent temperatures suggested by hypersthene in clinopyroxene solid 
solution will be higher than the real temperatures of equilibration. 
Trivalent ions such as Fe 
+3 
 and Cr+3  will tend to suppress the alumina 
solubility in clinopyroxene and thus the estimated temperatures of 
equilibration may be too low and the estimated pressures of equilibration 
too high. 
Clihopyroxene analyses of several well known high pressure basic and 
ultrabasic assemblages have been compiled, recalculated into their end-
members from a method similar to that adopted by Kushiro (1962), and the 
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amounts of enstatite and calcium tscherinak's molecule in solid solution 
calculated (Appendix D). The temperatures and pressures of crystallization 
or recrystallization of each phase assemblage have been estimated from 
Fig. 8.1 or Fig. 8.2, and these results are shown in Figs. 8.5 to 8.9. 
Ferrosilite has been left out of the calculation for the reasons explained 
above. Figs. 8.5 to 8.9 can then be considered ferrosilite projections 
of clinopyroxene solid solutions into temperature-pressure space. 
8.3 	Temperatures and pressures of crystallization or recrystallization 
of some well known basic and ultrabasic assemblages 
8.3.1 Metamorphosed ultrabasic rocks 
Fig. 8.5 is a plot of clinopyroxenes in coronas developed between 
olivine and plagioclase in anorthosites from the Bergen Arcs (Griffin, 
1972) and from the Sognefjorden area (Griffin, 1971) of south-west Norway. 
Clinopyroxene I is developed by the reaction: 
olivine + plagioclase 	aluminous clinopyroxene I + aluminous orthopyroxene 
spinel 
Clinopyroxene II is developed by the reaction: 
aluminous clinopyroxene I + aluminous orthopyroxene + spinel + plagioclase 
± aluminous clinopyroxene II + orthopyroxene + garnet 
Griffin (1971), Griffin (1972), and Griffin and Heier (1973) have demonstrate 
that where clinopyroxene I and II are present in the same corona, clino-
pyroxene I is a remnant of the former incompletely reacted clinopyroxene I + 
orthopyroxene + spinel assemblage. Griffin (1972) suggested that the 
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FIG. 8.5 
Estimated temperatures and pressures of the development of the 
Bergen Arcs and Sognefjorden coronas. 
Each corona contains two kinds of clinopyroxene0 
Closed circle refers to clinopyroxene I of the Bergen Arcs 
coronas formed with orthopyroxene and spinel by the reaction of 
olivine and plagioclase due to the crossing of reaction boundary (i) 
Closed diamond refers to clinopyroxene II of the Bergen Arcs 
coronas formed with garnet and orthopyroxene by the reaction of 
clinopyroxene I, spine1 2 orthopyroxene, and anorthite due to the 
crossing of reaction boundary (Ii) The line joining closed 
circle with closed diamond refers to clinopyroxene I and clinopyroxene 
of the same corona. 
Line joining two closed circles or two closed diamonds refers to 
a range of possible temperatures. 
Open circles and open diamonds refer to clinopyroxene I and II 
respectively of the Sognefjorden coronas. 
The plagioclase-Iherzolite to spinel-lherzolite facies boundary 
in the system C - M - A - S is shown by M. 
The Seiland subfacies to arigite subfacies boundary in the system 
C - M - A - S is shown by (ii). 
The spinel-lherzolite to garnet-lherzolite facies boundary in the 
system C - M - A - S is shown by (iii) and in the 'natural' system is 
shown by (iv)0 K refers to this facies boundary in the natural system 
determined by Korn-Probst (1970 ). at 1200°C0 
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garnet-bearing coronas have also formed from the reaction: 
olivine + plagioclase clinopyroxene II + orthopyroxene + garnet 
However, Griffin and Heier (1973) later seem to reject this because petro-
graphic evidence suggests that the garnets in the coronas have grown at 
the expense of clinopyroxene I and spinel. Griffin (1971), Griffin (1972), 
and Griffin and Heier (1973) have suggested that the garnet-bearing coronas 
were formed by cooling of the primary olivine- and plagioclase-bearing 
anorthosites at either constant pressure or through an increase in pressure. 
Chapter 2 discussed the improbability of forming garnet in the coronas by 
simple isobaric cooling. Fig. 8.5 substantiates the hypothesis that the 
garnet-bearing coronas must have formed by an increase in pressure. Iii 
the case of the Bergen Arcs and Sognefjorden coronas, the trend of 
clinopyroxene I compositions shows that they were developed by an increase 
of pressure at about 1100 0C. The linear trend of clinopyroxene II 
compositions suggests that the rocks probably cooled while the pressure 
began to decrease. 
All analyses except three in Fig. 8.5 can be represented by a point 
in temperature-pressure space where the alumina and enstatite isopleths of 
clinopyroxene cross. Had ferrosilite been included with enstatite in solid 
solution in the clinopyroxene II analysis plots, temperatures about 100 0C 
higher and pressures about 3 to 5 kilobars higher than those shown in 
Fig. 8.5 would have been obtained. 
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8.3.2 Metamorphosed ultrabasic rocks compared with ultrabasic and 
related basic rocks formed by partial fusion 
Fig. 8.6 is a plot of clinopyroxene analyses in spinel-lherzolites 
from Scourie (O'Hara, 1961), Davos (Peters, 1968), and Lherz (Colle, 1963; 
and O'Hara et al., 1971) as well as clinopyroxene analyses from the 
associated arigites from Davos and Lherz (O'Hara, unpublished) and a 
clinopyroxene analysis from a spinel-websterite from Lherz (O'Hara, 
unpublished). 
The spinel-lherzolites from Scourie have been subjected to granulite 
facies metamorphism (O'Hara, 1961 and 1965) where temperatures in excess 
of 8000C were estimated from feldspar compositions in the surrounding gneiss. 
The temperature estimation of 950 0C to 10500C from the clinopyroxene 
analyses is in good agreement. A higher temperature of equilibration is 
suggested by the alumina and enstatite content of the clinopyroxene from 
37,710 (Muir and Tilley, 1958) than the same from X282 (O'Hara, 1961). 
An uncertainty of 100 0C is apparent from the clinopyroxene analysis from 
X282. This uncertainty may be due either to a poor analysis or to 
nonequilibration of the clinopyroxene in the rock. The pressure estimation 
of 10 to 13 kilobars (Chapter 2.2) is based upon the presence of arigite-
type mineral assemblages having a relatively low Mg/Mg+Fe ratios (<0.75) 
(O'Hara, 1961) co-existing with the spinel-lherzolite, and the absence of 
jadeite in the clinopyroxene at 1050 0 C. 
The enstatite and alumina contents of the clinopyroxenes from the 
spinel-lherzolite of Etang de Lherz (C-6 and C-7) indicate a wide spread 
of possible temperatures. This suggests that chemical equilibration has 
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FIG. 86 
Estimated temperatures and pressures experienced by the basic 
and ultrabasic assemblages of Scourie Etang de Lherz, and Davos 
(the Totaip serpentinite)o 	 - 
MS in 357 refers to the possible temperatures ana pressures 
indicated by the enstatite content of clinopyroxene in the spinel-
lherzolite (357)0 A in 357 refers to the possible temperatures and 
pressures indicated by the alumina content of clinopyroxene in 
spinel-lherzolite (357)0 
C-6 refers to clinopyroxene in the spinel-lherzoiite from Etang 
de Lherz. 
C-7 refers to clinopyroxene in the spinel-lherzolite from Etang 
de Lherz. 	
0 
C-8 refers to clinopyroxene in spinel-we'bsterite from Etang de 
Lherz, 
0-9 refers to clinopyroxene in arigite from Etang de Lherz0 
357 refers to clinopyrqxene in spinel-lherzolite (357) from Davos. 
1+60 refers to clinopyroxene in arigite (1 +60) from Davos. 
37,710 refers to clinopyroxefle in spinel-lherzoiite (37,710) from 
Scourie. 
X282 refers to clinopyroxefle in spinel-lherzolite (x282) from 
Scourie , 
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not been reached. The alumina content of the clinopyroxene from the 
spinel-websterite (C-8) is higher than that in the co-existing arigite 
(C-9). Chapter 5 shows that the reverse should be true if the mineral 
paragenesis is in equilibrium. If the hypothesis of Dickey (1970) is 
accepted, that the garnet-pyroxenite, spinel-pyroxenite, and arigite 
mafic layers are magmatic and have been formed by partial fusion of the 
host spinel-lherzolite at depth, and if this hot mass was intruded into a 
colder environment, as is suggested by the field relationships, then the 
rate of cooling was probably high. A high rate of cooling reduces the 
possibility of chemical equilibration being reached. 
The two 'pseudoreversals' described in Chapter 3.1 on the charges 
AII-31 and AII-33 indicated that synthesized clinopyroxenes at high 
temperatures retain their high temperature enstatite contents while they 
lose their calcium tschermak's molecule when rapidly cooled to lower 
temperatures. These observations appear to be relevant to similar 
observations on natural clinopyroxenes in ultrabasic rocks which have also 
been cooled from high temperatures. In Mueller's (1964) theoretical 
treatment of mixing properties of end-members of a solid solution series, 
he has suggested that, for any solid solution series, the degree of ideality 
It assumes, or the degree to which its end-members approach each other in 
ionic size and charge, controls the ease of mixing of its end-members. This 
is defined by its enthalpy of mixing. Intrinsically unstable solid 
solutions, that is those which are more complete at high temperatures and 
exsolve at lower temperatures (i.e. the diopside-enstatite solid solution 
series) have a negative enthalpy of mixing of lower magnitude than 
intrinsically stable solid solutions (i.e. forsterite-fayalite solid 
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solution series). The more ideal that the intrinsically unstable solid 
solution series is, the greater the magnitude of its enthalpy of mixing 
becomes and the more stable it will become at any given temperature. This 
in turn suggests that higher activation energies are required to exsolve 
the end-members of a solid solution series which more closely approach 
ideality than others which are less ideal. Because the diopside-enstatite 
solid solution series is more 'ideal' than the diopside-calcium tschermak's 
molecule solid solution series, one would expect that rapid cooling would 
cause clinopyroxene to retain enstatite while calcium tschermak's molecule 
is rapidly removed from the lattice. The experimental observations enable 
one to interpret a similar rapid cooling history of natural spinel-
lherzolites from higher temperatures. The high temperatures indicated by 
the enstatite content of clinopyroxene in the Lherz spinel-lherzolites and 
the lower temperatures indicated by the alumina content of the same 
clinopyroxene probably describe the temperatures attained during the cooling 
history of the mass. Since the rate of chemical equilibration will depend 
upon the rate of cooling, the time that the mass was held at any one 
temperature, the presence or absence of volatiles or other fluxing agents, 
and the presence or absence of stress in the rock system, a wide range of 
temperatures may be 'frozen' into the rock, depending upon the degree to 
which any one sample has equilibrated. Thus it is only correct to estimate 
the possible range of temperatures and pressures through which the rock 
passed in its subsolidus cooling history. 
The Totalp serpentinized spinel-lherzolite and associated arigite from 
Davos, Switzerland (Peters, 1963 and 1968) show the same subsolidus cooling 
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characteristics. The temperature estimates made by Peters (1968) from 
magnesium-iron partitioning between clinopyroxene and orthopyroxene 
indicate that the Totaip rocks were at 1400 0C at the early stages of thir 
cooling history. This agrees well with estimates of 1350 0C from the 
enstatite content of clinopyroxene in spinel-lherzclite (375) and the 
enstatite plus alumina content of the clinopyroxene in arigite (460). 
However, the low alumina content of the clinopyroxene in spinel-lherzolite 
(375) suggests that there was significant reequilibration at 1050 0C during 
the later stages of its cooling history. Small amounts of jadeite are 
present in the clinopyroxenes from the Totalp and Lherz peridotites. This 
suggests that higher pressures of partial reequilibration were reached in 
the Lherz and Totalp spinel-lherzolites than the pressures attained in 
the Scourie peridotites. On the basis of these considerations, the possible 
cooling histories of the Totaip and Lherz peridotites have been shown in 
Fig. 8.6. 
Some clinopyroxenes from spinel-lherzolites and garnet-websterites of 
the Beni Bouchera Massif (Kornprobst, 1969) have been plotted in Fig. 8.7 
together with the estimated temperature and pressure of partial melting of 
the mantle peridotite required to derive the layers of websterite, garnet-
websterite, and garnet-clinopyroxenite as determined experimentally by 
Kornprobst (1970). The enstatite and alumina content of the clinopyroxene 
in spinel-lherzolite (M5-186) shows a wide range. of possible temperatures. 
The clinopyroxene in spinel-lherzolite (N5-102) seems to have reached a 
higher degree of chemical equilibration than that in M5-186. The enstatite 
and alumina content of the clinopyroxene in M5-102 indicate a temperature 
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Estimated temperatures and pressures experienced by the basic 
and ultrabasiC assemblages of the Beni Bouchera Massif and the basic 
assemblages of the Ronda Massif0 
M5-186 and 145-102 refer to clinopyroxenes in spinel-lherzolites 
(M5-1 86 ) and (M5-102) respectively of the Beni Bouchera Massif. 
• 	M540 refers to clinopyroxene in garnet-websterite (M5-40) of - 
the Beni Bouchera Massif. 
X refers to the estimated temperatures and pressures of partial 
melting of the Berd Bouchera peridctite required to derive the 
garnet-websterites (Kornprobst, 1970) 
R-127 refers to clinopyroxene in garnet-plagioclase-pYroxeflite 
.(R-1 27) of the Ronda Massif. 
R-251 refers to clinopyroxene in olivine-spinel-plagioclase-
pyroxenite (R-251) of the Ronda Massif. 
R-1 83 refers to clinopyroxene in gabbro (R-1 83) of the Ronda 
Massif. 
R.-322, R-349, and R-314-3 refer to clinopyroxenes in olivine-
gabbros (R-32 2 ), (R-349), and (R-31+3)  of the Ronda Massif. 
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of about 9500C to 10000C. Moderate to high jadeite contents of the 
clinopyroxenes in the spinel-lherzolites suggest higher pressures and/or 
'lower temperatures of partial reequilibration than those of the Scourie 
spinel-lherzolites. The clinopyroxene analysis from garnet-websterite 
(M5-40) suggests a temperature and pressure of about 1300 0C and 19 kilobars 
respectively. This coincides closely to the position of the garnet-
websterite solidus as determined experimentally by Kornprobst (1970). 
Garnet-websterite (M5-40) may therefore have been a phase assemblage which 
was quenched at these conditions from a liquid which had evolved by 
polythermal polybaric fractionation from 1500 0C and 28.5 kilobars. 
Alternatively it may have been a solid phase assemblage that had 
reequilibrated immediately below the solidus from higher temperatures and 
pressures. From the above considerations, a possible subsolidus cooling 
history of the Beni Bouchera Massif has been shown by a dotted arrow in 
Fig. 8.7. 
The composition of the clinopyroxene in garnet-plagioclase-pyroxenite 
(R-127) from Serrania de la Ronda (Dickey, 1970) indicates that it too 
evolved through a considerable range of temperatures and pressures. it is 
possible that, had R-127 equilibrated to the temperatures suggested by 
the alumina in solid solution, enstatite would have exsolved as a separate 
phase. If this is true, then the partial melting history and the 
subsequent subsolidus cooling history of the garnet-plagioclase pyroxenites 
and the garnet-pyroxenites from the Ronda Massif could have been related 
to that of the Beni Bouchera rocks. However, the Ronda Massif underwent a 
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second generation of partial melting at considerably lower pressures 
as is suggested by the clinopyroxene analyses in the gabbros and spinel-
pyroxenite (R-251). This is in accordance with the conclusions drawn by 
Dickey (1970) that the gabbroic 'magmatic-type' layers in the peridotite 
were formed by partial melting rather than by subsolidus recrystallization 
of the pre-existing higher pressure garnet-pyroxenites. 
The alumina contents of the clinopyroxenes in the garnet-websterites 
and ari6gites associated with the spinel-lherzolites from Etang de Lherz, 
Davos (the Totalp serpentinized spinel-lherzolite), and Beni Bouchera 
are always greater than or equal to those of the clinopyroxenes in the 
host spinel-lherzolites. This is compatible with similar observations made 
on the alumina contents of clinopyroxenes experimentally determined in 
olivine-free and olivine-bearing assemblages (see Fig. 8.3). 
Fig. 8.8 demonstrates the non-equilibrated character of a clinopyroxene 
in an arigite within a host spinel-lherzolite from Noncaup (Kornprobst 
and Conqur, 1972). The alumina and enstatite content of clinopyroxene in 
arigite (M20) give a range of possible temperatures from 800 0C to 14000 C 
and a range of possible pressures from 14 to 30 kilobars. The experimental 
determination of the spinel-lherzolite to garnet-lherzolite boundary in 
natural rocks by O'Hara et al. (1971), and determination of the location of 
this boundary at 1200 0C from the Beni Bouchera spinel-lherzolites 
(Kornprobst, 1970), clearly shows that ariégite (M20) cannot be stable at 
30 kilobars. High values of enstatite retained in the non-equilibrated 
clinopyroxene in M20 can explain this anomaly. The temperatures and 
pressures estimated from the clinopyroxene analysis in garnet-websterite (N17 
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FIG. 8 . 8 
Estimated temperatures and pressures experienced by an arigite 
and a garnet-websterite from Moncaup, a garnet-websterite from 
Freychinede, a plagioclase-lherzolite from Horoman, and a suite of 
nodules from Bergenland, Austria and Salt Lake Crater. 
M17 and M20 refer to clinopyroxenes in garnet-websterite (1 ,1 17) 
and ari&gite (M20) respectively from Moncaup. 
70-385 of the small closed circle refers to clinopyroxene in 
garnet-websterite (70-385) formed by exsolution of a clinopyroxenite 
indicated.- by the large closed circle (from Freychinede). 
I412 refers to clinopyroxene in plagioclase-lherzolite (ITPMI 
from Horoman. 
R375 and R376 refer to clinopyroxenes in spi:nel-lherzolite nodules 
(R375) and (R376) respectively from Bergenland0 R362, R363, R364, end 
R36LJ1 refer to clinopyroxenes in arigite nodules (R362), (R363) 
(R364.), and (R364/1) reznectively from Bergenland0 
68-SAL-7, -11, -24, and -26 refer to clinopyroxenes in garnet-
websterite nodules (68-SAL-7 ) 11, -24., and -26 respectively) from 
Salt Lake Crater. Y&T' 62 and liK571 01 202a refer to clinoryroxenes in 
orthopyroxene-eclogite (Y 	 nd garnet-webster oder and Tilley, 1962) a ite 
(C57101202a) nodules respectively from Salt Lake Crater. 
1 0 II, III, TV, and K refer to the same as for Pig. 8.5 















are compatible with the stability of its spinei-lherzolite host. The 
large discrepancies in the temperature of estimation (20000 and the 
pressure of estimation (12 kilobars) in M17 and M20 probably reflect 
differences in the degree to which re-equilibration was approached in the 
cooling history of the rock. 
Fig. 8.8 shows that the clinopyroxene in garnet-websterite (70-385) 
from a spinel-lherzolite host from Freychinede (Kornprobst, in press) 
plots about 10 kilobars and 100 0C lower than its pre-exsolution temperature 
and pressure as determined experimentally by Kornprobst (in press). 
A clinopyroxene analysis from the plagioclase-bearing peridotite of 
Horoman (HM12 in Fig. 8.8), Japan (Onuki, 1965) indicates that the intrusion 
initially began to cool at about 6 kilobars of pressure. The absence of 
jadeite in the clinopyroxene reinforces the conclusion that the 
temperatures of the intrusion were high (see Fig. 8.4). The temperature 
and pressure estimates shown in Fig. 8.8 are in good agreement with,Onuki's 
(1965) conclusions about the genesis of the peridotite. 
The peridotites and associated mineral assemblages which have been 
discussed in sections 8.3.1 and 8.3.2 have been classified into those 
which have been subjected to an episode of metamorphism, and those which 
have been formed by partial fusion of a mantle peridotite. These two 
genetic categories have been the product of chemical, petrographic, and 
field studies made by many investigators. These two genetic distinctions 
have been reinforced by the temperatures and pressures indicated by the 
clinopyroxenes contained in these basic and ultrabasic assemblages. 
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Specific temperatures and pressures of metamorphism are preserved by 
the clinopyroxene compositions of the metamorphosed ultrabasic rocks. 
The wide range of temperatures and pressures which were experienced by the 
cooling of the partially fused peridotites are reflected in the wide range 
of possible temperatures and pressures indicated by the partially equilibrate 
clinopyroxene compositions. Long durations of geological time, equivalent 
to those of a regional metamorphic event, are probably required for 
clinopyroxenes to equilibrate with their basic or ultrabasic mineral 
assemblage at temperatures well below the solidus. 
8.3.3 High temperature peridotites 
Fig. 8.9 shows a possible subsolidus cooling trend of the Lizard 
intrusion. The alumina contents of the clinopyroxenes of the primary 
spinel-lherzolite (Cl and C2) (Green, 1964) indicate that a minimum 
temperature of 11500C was attained in the pressures of the spinel-
lherzolite mineral facies. The extremely high amounts of enstatite in 
solid solution (27 wt% in Cl and 33 wt% in C2) suggest that some liquid 
may have been present in the peridotite during intrusion into the colder 
country rock. These may have been solidus enstatite contents of the 
clinopyroxene solid solution which were quenched during intrusion of the 
peridotite. The absence of any appreciable amounts of jadeite in the 
clinopyroxenes supports a high temperature origin. The alumina and enstatitE 
contents of the clinopyroxenes in the recrystallized plagioclase-bearing 
peridotite envelope (C4, C5, and C7) indicate that temperatures less than 
11000C at 6 kilobars were experienced at some stage during the polybaric 
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FIG. 8 . 9 
Estimated temperatures and pressures experienced by the 
Lizard intrusion, the Lanzo plagioclase-lherzolite, and a suite 
of nodules from Australia0 	 - 
Cl and C2 refer to clinopyroxenes in primary spinel-lherzolite 
of the Lizard intrusion. C4, C5, and C7 refer to clinoryroxenes in 
the recrystallized plagioclase-bearing spinel-lherzolite of the 
Lizard intrusion. 
368 and 702g refer to clinopyroxenes in plagioclase-lherzclites 
(368) and (702g) respectively from Lanzo, 702b refers to clinopyroxenE 
in gabbro (702b) contained in plagioclase-lherzolite (702g). 
CPI8, CPII2, CP140, and CP698 refer to clino;yroxenes in pyroxene 
granulites (CPI8), (CP112)(CP14o), and (0P698) of the Delegate pipes 
from Australia. 69-27 refers to clinopyroxene in garnet-websterite 
(69-27) nodule of the Delegate pipe. R394 refers to clinopyroxene in 
ariegite (R394) nodule of the Delegate pipe. 69-34 refers to clino-
pyroxene in plagioclase-garnet-websterite (69-3)4 nodule from the 
Anakies, Victoria, 324/38 refers to clinol)yroxene in 	net.-webterit 
(324/38) nodule from Mt. Leura, Victoria. 

















5 	10 	15 	20 	25 	30 	35 
Pressure Kilobars 
cooling history of the peridotite. These clinopyroxenes also contain 
minimal amounts of jadeite in solid solution. The high temperature 
clinopyroxene compositions are compatible with the hypothesis that the 
minerals of the peridotite were derived by crystal accumulation from a 
basaltic liquid (Green, 1967). 
Three clinopyroxene analyses in the gabbroic lenticles (702b) and the 
host plagioclase-lherzolite (368, 702g) from Lanzo, Italy (Boudier, 1972; 
Nicolas, 1966) suggest that the peridOtite mass cooled at pressures greater 
than 5 kilobars (Fig. 8.9). As in the Lizard intrusion, the enstatite 
contents of the clinopyroxenes are extremely high, suggesting that solidus 
temperatures of over 12500C were attained and that the mass was cooled 
very quickly. A small amount of jadeite is present in the clinopyroxerie 
of the gabbro but none is present in the clinopyroxenes of the peridotite. 
The high enstatite contents of the clinopyroxenes suggest that appreciable 
volumes of liquid may have been present in the peridotite. This indicates 
either a high degree of partial melting of the peridotite (Boudier, 1972; 
Boudier and Nicolas, 1972) or the mafic minerals of the peridotite were 
derived by crystal accumulation from abasaltic or andesitic liquid at 
solidus temperatures. 
8.3.4 Conditions of formation of some well known nodules in basaltic 
tuf f 
The subsolidus conditions of partial re-equilibration of some 
clinopyroxenes from the suite of garnet websterites, ariégites, plagioclase- 
garnet-websterites, and pyroxene granulites contained as xenoliths in the 
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nepheline-normative basaltic pipes from New South Wales and Victoria 
(Irving, 1974; Irving and Green, 1970; Lovering and White, 1969) 
compare reasonably well with the conclusions drawn by the above authors 
(Fig. 8.9). The range of possible temperatures of estimation from the 
alumina and enstatite contents of the clinopyroxenes in the garnet-bearing 
xenoliths suggest that they have only partially re-equilibrated, and that 
they may have been rapidly cooled from high temperatures in excess of 
13000C and pressures greater than 16 kilobars. These high temperatures 
indicate that the mineral assemblages of the nodules may have precipitated 
from a liquid at depth. The similarities in the mineral parageneses of 
nodules from the pipes throughout Victoria and New South Wales and the 
similarities in host rock types suggest that they may have a common genetic 
relationship. The conditions of partial re-equilibration of the 
plagioclase-garnet--websterite (69-34) reported by Irving (1974) from the 
Anakies, Victoria can be estimated at 1000 0C to 11000C and 13 to 15 
kilobars. This estimate is based upon the limited range of temperatures 
and pressures allowed by the alumina content of the clinopyroxene and the 
limited pressures of stability of this mineral assemblage (Chapter 5, and 
Kushiro and Yoder, 1966). The elipsoidal dotted area of Fig. 8.9 defines 
these conditions which are in excellent agreement with those estimated 
experimentally by reproducing the conditions of stability of the various 
garnet-bearing Delegate nodules (Irving, 1974). The alumina contents of 
the clinopyroxenes in the ariégite (R394) and the garnet-websterite 
(69-27) from the Delegate pipes suggest that the pressures of partial 
re-equilibration at 10000C to 1100°C may have been 15 to 17 kilobars. 
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The alumina content of the clinopyroxene in the garnet-websterite (324-38) 
from Mt. Leura, Victoria (Irving, 1974) suggests that the pressures of 
partial re-equilibration at 1000 0C to 11000C may have been 14 to 16 
kilobars. The clinopyroxene analyses from the pyroxene granulite xenoliths 
at Delegate indicate temperatures below 1100 0C and pressures between 9 and 
13 kilobars. This is in excellent agreement with Irving's (1974) 
conclusions. Unlike the clinopyroxenes in the garnet-bearing inclusions, 
the clinopyroxenes in some of the pyroxene granulites have very low 
enstatite contents (see CP-112 and CP-140). This suggests that the pyroxene 
granulites may not have been genetically related to the garnet-bearing 
xenoliths, which probably cooled in non-equilibrium from a liquid at high 
temperatures and pressures. Irving (1974) concluded that because of 
their isotopic and geochemical differences from the garnet-bearing 
xenoliths, the pyroxene granulites may be accidental fragments of a deep 
lower crustal metamorphic complex. The clinopyroxene compositions of the 
pyroxene granulites suggest that they may have been subject to a period 
high temperature granulite fades metamorphism (section 8.3.1) and that 
Irving's (1974) conclusions may be valid. The area in Fig. 8.9 defined 
by crosses outlines the temperatures and pressures of partial 
re-equilibration indicated by the chemistry of the clinopyroxenes in the 
abovmentioned xenoliths from the pipes in Victoria and New South Wales. 
The high temperatures implied by the clinopyroxene compositions of the 
pyroxene granulites suggest a very high geotherm of the lower crustal 
metamorphic complex. The garnet-bearing xenoliths may have partially 
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re-equilibrated along this geotherm before being removed at depth by the 
rising magma in the pipes. 
Clinopyroxenes in the arigites(R362, R363, R364, R364/1) and 
spinel-lherzolites(R375, R376) xenoliths in the nepheline,asanitic tuffs 
from Bergenland, Austria (Richter, 1971) are also plotted in Fig. 8.8. 
The wide range in the possible temperatures attained by the clinopyroxenes 
in the spinel-lherzolites are almost identical to those from Lherz and 
Davos. The clinopyroxene analyses from the arigites cluster around a 
limited range of temperatures and pressures in Fig. 8.8. The stippled 
area delineates that range of temperatures and pressures where the 
amounts of alumina in the clinopyroxenes from the spinel-lherzolites and 
the ariégites are the same. This range of temperatures and pressures may, 
therefore, have been common to both mineral assemblages at the same stage 
in their cooling history. 
Clinopyroxenes in garnet-websterites from the nepheline-normative 
basalt tuff at Salt Lake Crater show (Fig. 8.8) a considerable range of 
possible mantle temperatures and pressures. This indicates that their 
host basalt must have originated at pressures greater than 35 kilobars. 
The included garnet-websterite xenoliths were either earlier formed 
assemblages which were distributed throughout 30 kilometers of mantle 
column prior to being sampled by the rising liquid or they may have been 
assemblages which crystallized from the rising host basalt. The 
temperatures and pressures indicated by the garnet-websterites from Salt 
Lake Crater appear to be near-solidus conditions rather than conditions 
along a paleogeotherm. 
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8.4 Conclusions 
The applicability of the clinopyroxene geothermometer and geobarometer 
to natural basic and ultrabasic assemblages depends upon the quality of the 
clinopyroxene analysis, the degree to which the natural rock composition 
approaches the simplified synthetic system, and the complexity of the 
subsolidus genetic history of the mineral assemblage. 
Appendix D explains the errors involved in determining the 
clinopyroxene end--members from the clinopyroxene chemical analysis. 
Highly accurate analyses of Sb 2 , MgO, CaO, and A1 203 are essential in 
avoiding small errors in the estimation of the temperature and pressure 
of the rock. 
The presence of FeO in the clinopyroxene may create the greatest 
uncertainties in the estimation of the temperature and pressure. Its 
effect is only qualitatively known to give apparently high temperatures 
of estimation in garnet-bearing and garnet-free basic and ultrabasic 
assemblages and apparently high temperatures and pressures of estimation 
of garnet-bearing assemblages. 
Clinopyroxenes in rapidly cooled basic and ultrabasic igneous masses 
do not fully equilibrate at low temperatures. They often retain high 
temperature enstatite contents in solid solution while alumina is rapidly 
expelled on cooling of the rock. Only when the igneous assemblage is 
cooled slowly or cooled to relatively high temperatures in the subsolidus 
and held at that temperature for a long period of time can equilibrium be 
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reached. Clinopyroxene-hearing basic and ultrabasic assemblages which 
have been subjected to metamorphism tend to approach equilibrium. 
Estimates of the temperatures and pressures of the metamorphism can be 
accurately determined by the equilibrium enstatite and alumina contents 
of the clinopyroxenes and by an understanding of the clinopyroxene-bearing 
mineral paragenesis. 	- 
By using the clinopyroxene geothermometer and geobarometer, it is 
possible to differentiate those alpine-type peridotites which have been 
formed by metamorphism of a pre-existing ultra,basic rock from those 
which have formed by partial fusion and rapid cooling of upper mantle 
rock. The clinopyroxene geothermometer has added a certain degree of 
support to Green's (1967) hypothesis that certain high temperature 
peridotite intrusions, such as the Lizard intrusion, may have been 
formed by concentration of mafic minerals from a basaltic liquid at depth. 
High temperature solidus enstatite contents in clinopyroxene are 
preserved while lower temperature subsolidus alumina contents have been 
exsolved. 
The aluminous phase of many alpine-type peridotites is spinel or 
garnet rather than plagioclase. Many of these peridotites contain garnet 
in 'magmatic-type' mafic layers, as described by Dickey (1970). The non-
equilibrated nature of these masses, as indicated by the non-equilibrated 
clinopyroxene solid solution composition, strengthens Dickey's (1970) 
hypothesis that these peridotites were partially fused by adiabatic uplift. 
Kelyphitic reaction rims around garnet in most of these 'magmatic-type' 
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mafic layers in the Beni Bouchera Massif (Kornprobst, 1969), the 
Totalp serpentinite (Peters, 1968), the Lherz peridotites (Lacroix, 1917; 
Dickey, 1970) and the Ronda Massif (Dickey, 1970) were probably developed 
during the later stages of the non-equilibrium subsolidus cooling of these 
bodies as they were emplaced into the lower crust. An increase in the 
metamorphic grade of the country rocks toward these intrusions indicate 
that the peridotites were relatively hot during intrusion (Dickey, 1970). 
The above considerations suggest that partial fusion of the upper mantle 
adiabats and their tectonic emplacement into the cooler crustal rocks were 
contemporaneous processes during the orogenic event. 
Carswell (1974) has shown that the garnet-lherzolites found within 
the Caledonian Basal Gneiss region of western Norway are slices of sub--  - 
continental mantle which were equilibrated along a sub-continental geotherin 
prior to their tectonic emplacement as cool bodies within the crust. His 
conclusion strongly supports those of O'Hara and Mercy (1963), Lappin 
(1966), Carswell (1968a, b, 1973), and O'Hara et al. (1971). Carswell 
(1968a) concluded that the garnet-pyroxenites or eclogites included in the 
peridotites near Tafjord and Almklovdalen, Norway were formed by partial 
fusion. This suggests that the partial fusion process was followed by a 
long period of chemical equilibration along the geotherm prior to tectonic 
emplacement of the peridotites. The clinopyroxene geothermometer and 
geobarometer may, therefore, be used in differentiating those alpine-type 
peridotites which were intruded as relatively hot partially fused mantle 
slices from those which were intruded as relatively cool slices of 
equilibrated marle tock. The Caledonian garnet-bearing alpine peridotites, 
and their associated 'magmatic-type' mafic layers, probably had a simpler 
and less direct relationship to the Caledonian tectonic event than the 
younger spinel-bearing alpine peridotites, and their associated maf Ic 
127 
layers, had to the Alpine orogenic event. The complex history of partial 
fusion at great depths and rapid emplacement of the relatively hot 
spinel peridotites during the Alpine orogeny suggests that the upper 
mantle was in a dynamic state of movement during that time of intense 
tectonic activity. The partial fusion history of the plagioclase-
lherzolites of the ophiolites from Lanzo, Italy and Greece can be 
correlated very generally to the same time of emplacement of the orogenic 
root zone spinel-lherzolites. These processes are compatible with some 
current hypotheses advocating some form of mantle convection as a 
possible mechanism of plate generation, movement, and collision which, in 
turn, may be responsible for Alpine-type orogenic events. 
The clinopyroxene geothermometer and geobarorneter can be used for 
estimating the upper mantle geotherm only if they have equilibrated 
along that geotherm. The principle behind the estimations of the geotherm 
as calculated by Boyd (1973), Boyd and Nixon (1973), and Carswell (1974) 
from clinopyroxene and orthopyroxene compositions in garnet-lherzolite 
xenoliths in kimberlite 'and equilibrated alpine-type garnet-lherzolites, 
is probably correct. These estimations, of course, assume that the rocks 
have equilibrated along a geotherm prior to being sampled by kimberlite 
or intruded into crustal rocks. It must also be assumed that the 
clinopyroxene and orthopyroxene compositions remained unmodified during 
sampling by the basaltic magma or intrusion. It is not necessarily 
correct, however, to extend the pyroxene upper mantle geotherm calculation 
to spinel-lherzolite, garnet-pyroxenite, or garnet-websterite nodules in 
basaltic flows or tuffs (Mercier and Carter, in press). 
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The clinopyroxenes in these assemblages may not have equilibrated 
along a geotherm prior to being sampled. The linopyroxene analyses 
provided by Chapman (1974) from spinel-lherzolite nodules, and OHar's 
(1967c) pyroxene plot of clinopyroxenes in spinel-lherzolite nodules 
indicate that they were probably formed at very high temperature solidus 
conditions. These conditions may have little relationship to the regional 
geotherm. Similarly, the garnet-websterite nodules from Salt Lake Crater 
appear to have equilibrated or partially equilibrated close to the solidus 
prior to being sampled by the rising liquid. If nodules have a cognate 
relationship to the volcanic activity, then it is very probable that a wide 
range of temperatures and pressures may be indicated by the clinopyroxenes 
which have not equilibrated along a geotherm prior to being sampled by the 
rising liquid. Therefore, reasonable estimates of the upper mantle geotherm 
are not likely to be made from clinopyroxenes in nodules which have had 
a cognate relationship to the general volcanic activity. Paleogeothermal 
estimates can only be made from clinopyroxenes in garnet-websterites and 
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ADnr)1T1TV A 
EXPERIMENTAL PROCEDURES AND ANALYSIS OF RESULTS 
A.1 	Equipment 
A.l.l The solid media apparatus 
Most of the high pressure experiments were performed in a single 
stage half-inch piston-in-cylinder solid media pressure apparatus similar 
to that described by Boyd and England (1963). The details of the 
transmission of pressure in the system have been described by O'Hara et al. 
(1971). A three-quarter inch diameter piston-cylinder pressure device was 
used to prepare up to 80 milligrams of seed material which was required in 
some high pressure experiments. 
The furnace cell was similar to that used by Richardson et al. (1968) 
without the ceramic disc between the thermocouple tip and the capsule. 
Platinum-platinum87%rhodiuml3%alloY thermocouples were used to measure 
and control the temperature of the furnace cell. 
Two types of temperature controllers were used; a West Viscount 
instrument as described by O'Hara et al. (1971) and a Eurotherm PID/SCR-10 
stepless indicating proportional + integral + derivative controller. 
All experiments were carried out using the piston-out technique as 
described by Richardson et al. (1968) with an over-pressure of 5 kilobars. 
Getting and Kennedy (1970) have suggested that a + 3.8 0C temperature 
correction may be required at 13000C and 10 kilobars due to the effect of 
pressure on the thermocouple e.m.f. Because the temperature gradients 
A.l 
across the capsule can result in real temperatures . in the charge being 
slightly lower than the thermocouple temperatures, the two effects may 
cancel; consequently, no temperature corrections have been applied. In 
order to assess any differences in interlaboratory temperature measurement 
the melting interval of diopside at 10.8 kilobars was determined. The 













Di-1 1.525 10.8 i-a 11 L 
Di-2 1475 10.8 i-a 10 Di + L 
Di-3 1500 10.8 i-a 10 L 
Di-4 1485 10.8 u-b 10 Di 
Di-5 1521 10.8 u-b 10 Di 
Di-6 1550 10.8 u-b 10 L 
i - refers to the charge dried at 800°C for 1 hour in open platinum 
capsule prior to welding 
ii - refers to the charge dried at 1100 0C for 1 hour in open platinum 
capsule prior to welding 
a - refers to furnace assembly left undried 
b - refers to furnace assembly dried at 8000C for 1 hour 
Diopside was found to melt at temperatures considerably lower than those 
determined by Boyd and England (1963) when the charges ana furnace cells 
A.2 
were dried at low temperatures. Charges which were dried at 1100 0C 
for one hour and dried again in the furnace assembly at 800 0C for one 
hour were found to give a melting interval compatible with the diopside 
melting point determined by Boyd and England (1963) at 11 kilobars. The 
drying time and temperature was found to be important in removing any water 
which may be present in the capsule. There is no substantial difference 
between the temperature scale used by Boyd and England (1963) and that used 
in this laboratory. 
The power that was necessary to maintain a constant thermocouple 
e.m.f. was found to be fairly constant in most of the experiments which 
were limited to durations less than 25 hours. Since most experiments were 
run at 18 hours or less, the amount of thermocouple contamination was 
probably small. 
A comparison of the forsterite-anorthite reaction boundary determined 
in both the solid media apparatus and the gas media apparatus (Fig. 2.1) 
indicates that at 1100 0C or less, a -0.3 + 0.35 kilobar correction should 
be applied to the nominal piston-out pressure in the solid media device 
to attain hydrostatic pressure (Herzberg and O'Hara, 1972). Fig. 2.1 shows 
that there may benopressure discrepancy at about 11800C. At temperatures 
above 11800C, the nominal piston-out pressure in the solid media device 
may be less than the hydrostatic pressure, and a positive pressure 
correction may be necessary. Nominal piston-out pressures may, therefore, 
be skewed relative to hydrostatic pressures counter-clockwise in 
temperature-pressure space about a 11800C rotational axis. This is 
A.3 
comparable to similar observations made by O'Hara et al. (1971). Because 
the forsterite-anorthite reaction boundary, as determined from the gas 
media apparatus, has not been tightly bracketed at all temperatures, no 
it further quanative conclusions can be made on the necessary corrections 
of the nominal piston-out pressures. Although the possible corrections 
have been realized in the discussion of the experimental results, no 
correction has been made to the nominal pressures reported in the tables 
and figures. 
Herzberg and O'Hara (1972) have observed a high degree of precision 
(less than 0.2 kilobars at 8.9 kilobars) in the measurement of nominal 
piston-out pressures from 8 to 20 kilobars. This is consistent with the 
changes in the compositions of aluminous clinopyroxene solid solutions in 
equilibrium with anorthite, orthopyroxene, and spinel observed at 1300 0 C 
from 14.0 to 14.2 kilobars (see Fig. 3.8). 
A.1.2 Other equipment used 
Some of the experiments were performed in intermally heated gas-
pressurized bombs described by Ford (1972) using argon as the gas medium. 
The temperatures were measured and controlled by a platinum-platinum87% 
rhodiuml3%alloy thermocouple. The pressure was recorded by a manganin coil 
connected through a Wheatstone Bridge circuit. The errors in pressure 
measurements have been calculated by Ford (1972). Pressure-uncorrected 
temperatures were recorded and are presented in the tables and figures. 
Some experiments were performed at atmospheric pressure using the 
quench furnaces which have been described by Biggar and O'Hara (1969a). 
Temperature control and calibration of the quench furnaces have been 
described by the same authors. 
A.4 
A.2.1 Experimental Work I - Procedure 
The procedure used in the determination of the location of the 
plagioclase-lherzolite to spinel-lherzolite boundary in the system C-14-A-S 
has been described in some detail by Herzberg (1972). Several x-ray 
diffraction criteria were used in deciding the direction of reaction and 
the location of the univariant boundary relative to each run condition. 
Changes in peak height ratios between the starting material and the run 
product were used to determine phase growth and decay. The peak height 
ratios of the starting materials are recorded in Table A.2. 
TABLE A.2 
Peak Height Ratio I - IIB I - lIE' 
1220 anorthite 0.49 + .05 0.34 ± .03 
1311 spinel 
1221 clinopyroxene 2.70 ± .30 2.87 .30 
1220 anorthite 
1130 forsterite 0.90 ± .10 0.63 + .06 
1311 spinel 
I 	= 2.1forsterite + lanorthite 
IIB 	= ldiopside + 2enstatite(MS) + lspinel + .lforsterite crystallized 
at 12000C and lOkilobars 
IIB' = idiopside + 2enstatite(MS) + ispinel + .lforsterite crystallized 
at 10000C and 10 kilobars. 
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The starting materials were prepared by mechanically mixing 
previously prepared and crystallized gels of forsterite and anorthite 
in the molecular proportion 2.1 : 1, plus an equal weight of a mixture 
of diopside, enstatite(MS), spinel, and forsterite in the molecular 
proportion I : 2 : 1 : .1. This spinel-lherzolite component of the 
starting material was recrystallized in the three-quarter inch piston-
cylinder apparatus at 10 kilobars and 12000C for use in experiments at 
11000C or higher (IIB), and at 10 kilobars and 1000 0C for use in the lower 
temperature experiments (IIB'). 
Several other compositions consisting of a finely crystalline 
mixture of anorthite + forsterite + clinopyroxene (H-14) and anorthite + 
forsterite (All), which were crystallized from gels at atmospheric 
pressure and 12000C, were also used in these experiments. At run• 
conditions on the high pressure side of the univariant boundary, spinel 
was formed form the reaction of anorthite and forsterite. At run 
conditions on the low pressure side of the boundary, no spinel was formed. 
The clinopyroxene 221 to anorthite 220 peak height ratio of H-14 was 5.00. 
On the low pressure side of the reaction boundary a similar ratio was 
obtained from experiments on H-14. On the high pressure side of the 
reaction boundary this ratio increased substantially due to the production 
of clinopyroxene as well as orthopyroxene and spinel from the reaction of 
anorthite and forsterite. 
The Seiland subfacies to arigite subfacies boundary in the system 
C-M-A-S was determined from experiments performed in the solid media 
piston-cylinder apparatus. The starting materials consisted of gels of 
varying compositions which were crystallized at atmospheric pressure and 
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12000C for 28 days to a wholly crystalline, ultrafine grained intergrowth 
(<111014) of forsterite + anorthite + 2enstatite ± diopside. Starting 
materials seeded with garnet and starting materials left unseeded were 
used to determine the stability of garnet. 
The method of preparation of the gels has been described by Biggar 
and 0'Hara (1969b). The error in the preparation of the compositions is 
thought to be ± 0.2% for the major oxides (O'Hara and Biggar, 1969b). 
In order to avoid phase metastability problems in the experiments (Fyfe, 
1960; Biggar and O'Hara, 1969b), the gels were totally crystallized to 
their stable mineral assemblages at atmospheric pressure before being 
used in the high pressure experiments. The ultrafine grained nature of 
the starting materials is thought to favour a higher rate of reaction 
relative to mechanical mixtures which were more coarsely crystalline. 
Garnet seeds of two compositions were used; pure pyrope gel which was 
crystallized at 12500C and 25 kilobars for 24 hours, and pyrope85 wt%-
grossularl5 wt%gel which was crystallized at 1200 0C and 30 kilobars for 
24 hours. Both crystallized garnet compositions were isotropic and free 
of other phase impurities. 
The starting materials were loaded in unsealed platinum tubes, which 
were annealed at 1250 0C for 12 hours, dried in a nitrogen furnace (except 
for use in runs at 11000C and runs containing garnet seeds), sealed, and 
dried again (except those experiments at 1100°C) with the furnace cell. 
Charges containing garnet seeds were dried at 200 0C for the first 4 hours 
then again at 500 0C for another 30 minutes in order to avoid garnet 
breakdown. Run durations were usually less than 21 hours. 
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The criteria used to decide the conditions of stability of garnet 
have been described in detail in Chapter 2.2. 
The nominal pressures of the experiments using the solid media 
apparatus were found to increase slowly throughout the first 3 hours of 
the experiment due to the heating effect of the furnace cell. The 
pressures were regularly bled back to the desired pressure until no 
further increases occurred. The final pressure, recorded just prior to 
the quenching of the experiment, was used in the tables and the figures. 
A.2.2 	Experimental Work II - Procedure 
A.2.2.1 Experimental technique 
Various clinopyroxene compositions in the spinel-lherzolite ± 
unreacted anorthite assemblage, the Seiland ± unreacted forsterite assemblage, 
and the garnet-websterite assemblage were synthesized in experiments 
performed in the solid media equipment. 
The starting materials Al, All, and AIlI, and GP were prepared from 
gels (Biggar and O'Hara, 1969b) which were totally crystallized at 
atmospheric pressure and 12000C. The compositions Py45Gr55 , Py40Gr 60 , 
11-5, 11-13, and 11-14 were kindly supplied by several members of staff at the 
Grant Institute of Geology. These gel compositions were also allowed to 
fully crystallize to their stable mineral assemblage at atmospheric pressure 
and 12001C prior to using them in the high pressure experiments. The 
advantages in using the crystallized gel as a starting material are: 
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1. 	the ultrafine grained intergrowth of the stable atmospheric pressure 
phases (<1/10 micron) favours a high rate of reaction because of the 
high total surface area separating the phases. 
metastable phase problems, which are commonly encountered when using 
uncrystallized gels (Fyfe, 1960; Biggar and O'Hara, 1969b), are 
minimized. 
- 
nucleation problems (Biggar and O'Hara, 1969b), which are commonly 
encountered when using glasses as starting materials, are minimized. 
Large crystals of rapidly nucleated clinopyroxenes from glasses may 
exhibit a non-equilibrated compositional zonation. 
One experiment on the composition Py 40Gr 60 (uncrystallized gel) 
at 13000C and 13 kilobars was found to produce a very finely crystalline 
clinopyroxene in a matrix of unreanted gel. A run at similar conditions on 
the composition Py 45Gr 55 (crystallized gel) was found to produce coarsely 
crystalline clinopyroxene, and spinel with some minor liquid. These 
results indicate that uncrystallized gels used in subsolidus experiments 
must be confined to very high temperature experiments where total 
were 
crystallization can take place. Several runsperformed on Py 45Gr55 at 12000C 
and at pressures where the stable mineral assemblage for this composition 
is anorthite + spinel + high-alumina clinopyroxene. The experiments, 
however, produced the assemblage anorthite + spinel + high-alumina 
clinopyroxene + unreacted orthopyroxene. Similar experiments carried out 
on this composition at 7 kilobars and 1250 0C for 21 days (Appendix C, 
Table C.3) produced the assemblage anorthite + spinel + high-alumina 
clinopyroxene with no unreacted orthopyroxene. This indicates that long 
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durations of time are required to synthesize some equilibrium three 
phase assemblages from the ultrafine grained starting materials at 
certain high temperatures and pressures. 
The starting materials were loaded in unsealed platinum tubes, which 
were annealed at 1250 0C for 12 hours. The drying technique was varied 
according to the temperature of the experiment. In high temperature 
experiments the unsealed charge was dried at 11000C for one hour prior to 
sealing the capsule and drying again with the furnace cell at 800 0C for 
30 minutes. In low temperature experiments the charge was either left 
undried or it was dampened with a minor quantity of distilled water in 
order to speed up the rate of reaction. The drying technique which was 
used for each experiment is listed with the results in Appendix C.2.1 and 
C.2.2. 
The drift in the nominal pressure throughout the duration of each 
experiment was recorded. The final pressure was used in the tables and 
the figures. 
A.2.2.2 Methods of determining clinopyroxene compositions 
The experimental charges usually contained individual crystal sizes 
which were not larger than 3 to 4 microns in size, whether trace amounts 
of water was used to promote crystal growth or not. Individual clinopyroxene 
crystals were usually intergrown with orthopyroxene and spi.nel. For these 
textural reasons, electron microprobe analyses of the clinopyroxene crystals 
proved too inaccurate to be of any use. An x-ray diffraction method was 
developed in order to determine the amount of enstatite and calcium 
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FIG. A01 
Method of construction of the clinopyroxene composition - 22T and 
310 diffraction angle grid. 
Broken lines refer to the grid calculated from the cell parameters 
of the diopside-calciuVm tschermak' s molecule and diopside -entatjte 
solid solution series (Clark et a10, 1962) 
Circles refer to the 221 and 310 diffraction angles of three syn-
thesized homogeneous clinopyroxones. 
Solid lines refer to the calculated grid calibrated to the three 
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tschermak's molecule in the clinopyroxenes. 
The cell parameters of the diopside-calcium tschermak's molecule 
and the diopside-enstatite solid solution series vary with the composition 
(Clark •et al., 1962). The clinopyroxene 221 and 310 diffraction angles 
were calculated from the cell parameters (Clark et al., 1962) of the 
compositions: 	 - 
(CMS 2) 90 (CAS)  10, 
 (CMS 2 ) 80 (CAS) 20 , (CMS 2 ) 70 (CAS) 30 , (CMS 2 )
60
(CAS) 40 , 
(CMS 2 ) 50 (CAS) 50 , (CMS 2 ) 90 (MS) 10 , (CMS 2 ) 80 (MS) 20 , (CMS 2 ) 70 (NS) 30 , and 
(CMS 2)60 
 (MS) 40 (in weight percent). In Fig. A.l the clinopyroxene grid 
which was constructed from these calculated clinopyroxene 221 and 310 
diffraction angles is shown by the broken lines. 
Table A.3 lists the compositions of homogeneous clinopyroxenes which 
were synthesized. The clinopyroxene 221 and 310 diffraction angles of 
these clinopyroxenés were measured relative to the sodium chloride 200 
diffraction angle using CuKa radiation and a goniometer scan speed of 114 
020 per minute. The results listed in Table A.3 are the mean of ten 
measurements. Each diffraction peak angle was measured to the third 
decimal place. The maximum and minimum variation about the mean was ± 0.004 
020 from measurement to measurement. Sharp well defined diffraction peaks 
indicated chemical homogeneity of the clinopyroxene synthesized. The 
clinopyroxene 221 and 310 diffraction angles of clinopyroxene 2, shown 
in Table A.3, are in excellent agreement with those calculated from the 
cell parameters of similar compositions. Clinopyroxenes 1 and 3 in 
Table A.3 gave smaller 221 and 310 diffraction angles than those expected 
from the calculated diffraction angles. Fig. A.l shows the location of 
A. 11 
the new clinopyroxene grid by the solid lines. The essential form of 
this grid was derived from the calculated grid calibrated to the measured 
clinopyroxere 221 and 310 diffraction angles of the clinopyroxenes listed 
in Table A.3. These measured angles have been plotted in Fig. A.l in 
order to show this calibration. 
wt% Composition T P 28 CuK 
Time Result 
CMS 	MS CAS 	OC (KB) 221 310 
89.6 	10.4 - 	 1450 20KB 19 hours Cpx 29.828 30.312 
66.4 	- 33.6 	1240 12KB 19 hours Cpx. 29.995 30.526 
86.2 	8.6 5.2 	1250 7KB 21 	days CpX. 29.859 30.358 
In Fig. A.l the locus of clinopyroxene 221 and 310 diffraction angles 
of the clinopyroxene compositions along the diopside-enstatite solid 
solution series (solid curve) is located mid-way between that derived from 
the data of Clark at al. (1962) and that determined by Biggar (1969). 
This suggests that there is a maximum error of ± 3ZCAS and + 2%MS in the 
determination of the clinopyroxene composition. However, a maximum 
clinopyroxene 221 and 310 diffraction angle variation about the mean of 
+ .004 020 suggests that clinopyroxene compositions differing by 0.3%CAS 
and 0.5%MS are detectable. 
All the experimental charges in this work were crushed under acetone 
and dried. All charges were inspected optically and by x-ray diffraction 
for glass and metastable phases. CuI@ radiation generated at 28 mA and 44 kV 
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from a Philips machine was used with a nickel filter for the x-ray 
diffraction. A .2mm receiving slit, a 40  scatter slit, and a 10 divergence 
slit were used. A small quantity of laboratory NaCl was mixed with the 
charge as an x-ray internal standard. 8 to 10 goniometer oscillations at a 
scan speed of 1/4 028 per minute were made across the clinopyroxene 221 
and 310 and sodium chloride 200 diffraction peaks. The clinopyroxene 
221 and 310 diffraction angles were measured to 0.002 028 for each 
oscillation with respect to the sodium chloride 200 diffraction angle 
position. The average of 8 angles for each peak was taken and Fig. A.1 
(solid lines) was consulted in order to determine the composition of the 
clinopyroxene. 
Many of the clinopyroxene 221 and 310 diffraction angles which were 
measured varied by + 0.004 020 from the mean of ten measurements. This 
suggests that clinopyroxenes synthesized in these experiments which 
differed by 0.3%CAS and 0.5%MS were detectable. The locus of clinopyroxene 
221 and 310 diffraction angles shown in Fig. 3.1 illustrates the high 
degree of precision attained in differentiating clinopyroxene compositions 
synthesized at slightly different temperature and pressure conditions. The 
maximum error of accuracy of absolute clinopyroxene compositions has been 
estimated at about + 3wt%CAS and ± 2wt%MS. 
Alumina enters the clinopyroxenes in these experiments by a one to 
one substitution of magnesium in the octahedral site and silicon in the 
tetrahedral site. In those experiments in which water introduction 
caused partial melting of the charge, highly spurious and inconsistent 
clinopyroxene 221 and 310 diffraction angles were recorded. This suggests 
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that the distribution of alumina in the octahedral and tetrahedral 
sites of the clinopyroxene lattice was radically altered in the presence 
of liquid. It was found that 3% to 5% partial melting of the charge was 
sufficient to render the result unusable. 
Table A.4 compares the analyses of clinopyroxenes synthesized in the 
spinel-lherzolite assemblage + unreacted anorthite obtained from the 
x-ray diffraction method with those obtained from the electron microprobe 
method of analysis. A Cambridge Instrument Microscan 5 was used with a 
gun potential of 10 to 15 kV and probe current of 0.20 to 0.25 x lO amps. 
The method of analysis and correction procedures used are described by 
Long (1967) and Sweetman and Long (1969). 
A much higher degree of accuracy and precision of analysis was 
obtained by using the x-ray diffraction method of analysis. No reliable 
assessment of the absolute values of the clinopyroxene compositions could 
be obtained from the electron microprobe analyses because of the poor 
reproducibility obtained from several analyses of the clinopyroxenes in 
the same charge. Most of the electron microprobe analyses are much higher 
in magnesium and alumina than those obtained from the x-ray diffraction 
method of analysis. This indicates that the electron probe beam was 
probably analysing the intergrowths of spinel and orthopyroxene within 





Probe wt% Probe wt% Probe wt% X-ray wt% 
10KV 15KV 15KV 
CaO 20.58 16.40 20.20 22.98 
A1 203 8.74 19.64 7.37 7.52 
MgO 18.98 21.51 20.00 18.01 
S10 2 49.67 42.48 49.07 51.49 
TOTAL 97.97 100.03 96.64 100.00 
wt% 
CMS 2 60.58 18.18 61.19 72.80 
MS 18.72 40.17 19.78 11.12 
CAS 18.30 37.72 14.34 16.08 
AII-9 
Oxide 
Probe wt% X-ray wt% 
15KV 
CaO 20.98 23.28 
A1 203 10.26 6.52 
MgO 19.07 18.17 
Sb 3 47.21 52.03 
TOTAL 97.52 100.00 
wt% 
CMS 2 57.42 76.04 
MS 18.29 10.00 




Probe wt% Probe wt% Probe wt% Probe wt% Probe wt% X-ray wt 
10KV 10KV 10KV 10KV 10KV 
CaO 22.97 22.38 21.81 22.14 19.15 23.54 
A1 203 9.14 6.67 8.99 7.68 12.15 6.14 
MgO 17.25 18.41 17.94 17.86 20.07 18.10 
Si02 49.26 51.20 49.21 49.33 48.05 52.22 
TOTAL 98.62 98.66 97.95 97.01 99.42 100.00 
wt% 
CMS2 . 68.77 72.15 64.69 68.69 46.98 77.87 
MS 10.34 12.25 14.06 11.93 26.54 9.00 
CAS 18.92 14.14 18.69 15.82 24.56 13.13 
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A.2.3 Experimental Work III - Procedure 
Gels of various compositions along the joins diopside-pyrope, 
grossular-enstatite, and grossular-pyrope were contained in open 
platinum capsules and held at 1200 0C at atmospheric pressure for 28 days 
in an atmospheric pressure quench furnace. The charges were then quenched, 
crushed under acetone, and analysed optically and by x-ray diffraction 
using the same method described in section A.2.2.2. 
A similar set of gel compositions were crystallized at 12000C 
at atmospheric pressure for 28 days. These crystallized gel compositions 
were then filled into open platinum capsules, allowed to dry at 1100 0 C 
for one hour in a nitrogen furnace, and then the platinum capsules were 
welded. These charges were then run at 1250 0C and 7 kilobars for 21 days 
in an internally heated gas pressurized vessel. The charges were then 
quenched and the same optical and x-ray diffraction methods of analysing 
the results were performed. 
A.2.4 Experimental Work IV - Procedure 
Composition D was prepared as a gel by the method described by 
Biggar and O'Hara (1969b). This composition was allowed to fully 
crystallize to an ultrafine grained mixture of forsterite and labradorite 
at 11800C and atmospheric pressure for 7 days. Open platinum capsules 
containing the starting material were dried at 11000C for one hour prior 
to welding. The sealed charges were then dried with the furnace cell at 
8000C for 20 minutes. This dried assembly was then run in the solid media 
piston-cylinder apparatus at 1150 0C and 12500C at various pressures for 
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about 18 hours. After quenching the run, the charge was crushed under 
acetone and analysed optically and by x-ray diffraction. CuKw radiation 
generated at 28 mA and 44 kV was used with a nickel filter for the x-ray 
diffraction. A .2mm receiving slit, a 40 scatter slit, and a 10 divergence 
slit were used. 
Many charges which were either left undried or dampened with a few 
drops of distilled H 2 
 0 in order to increase the rate of reaction were found 
to melt at relatively low temperatures. These results have not been 
included in the figures or the discussion in Chapter 7. 
The x-ray goniometer was allowed to oscillate 8 to 10 times between 
20 020 and 40 020 at 2 020/minute across the x-ray mount. The heights of 
the clinopyroxene 221, orthopyroxene 420 and 421, forsterite 130, 
plagioclase 040, and spinel 311 peaks were measured from the top of each 
peak to the x-radiation background level for each oscillation. The average 
peak height was then calculated for each peak from the eight to ten 
measurements. In order to assess the relative changes in the proportions 
of the various phases with increasing pressure at constant temperature, the 
ratios of the diffraction peak heights of orthopyroxene 420 and 421 to 
forsterite 130, clinopyroxene 221 toforsterite 130, spinel 311 to 
forsterite 130, and plagioclase 040 to clinopyroxene 221 were calculated. 
A semi-quantative estimation of the change in the composition of 
the clinopyroxenes in these syntheses could be assessed by the changes of 
the clinopyroxene 221, 310, and 220 diffraction angles. Six to eight 
goniometer oscillations between 29.50 020 and 32.00 020 were made on each 
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charge at a scan speed of 1 02e/minute. The positions of the clinopyroxene 
221, 310, and 220 diffraction angles were measured against the position 
of the sodium chloride 200 diffraction angle for each oscillation and the 
averages were calculated from the 6 to 8 measurements. 
The absolute values of the amounts of jadeite in the clinopyroxenes 
of the charges could not be ascertained from the x-ray diffraction.angles 
which were measured. At least three clinopyroxene diffraction angles must 
be accurately measured in order to obtain a semi-reliable quantatitve 
estimation of the composition of the clinopyroxene in the diopside-calcium 
tschermak's molecule-enstatitejadeite solid solution series. Because 
of the interference of diffraction peaks of the other phases in the charges, 
only the 221 and 310 diffraction angles could be accurately measured. Some 
measurements were made on the clinopyroxene 220 diffraction angle of 
charges which were synthesized at 1250°C; however, they are thought to 
be unreliable because the clinopyroxene 220 diffraction peak was of a low 
intensity and subject to interference from adjacent plagioclase diffraction 
peaks. 
A semi-quant,h'tative estimation of the amount of jadeite in the 
clinopyroxenes could be made by the degree to which the clinopyroxene 221 
and 310 diffraction angles departed from the known diffraction angles of 
clinopyroxenes of the diopside-calcium tschermak's molecule-enstatite solid 
solution series in the system C-N-A-S (Fig. A.l - solid lines). From the 
cell dimensions of the intermediate members of the diopside-jadeite solid 
solution series (Edgar, Mottana, and MacRae, 1969), it has been calculated 
that a 10 mole%increase in the jadeite content of clinopyroxene will 
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increase the clinopyroxene 221 diffraction angle by 0.8 020 and the 
clinopyroxene 310 diffraction angle by 1.3 020. This effect on the 
clinopyroxene 221 and 310 diffraction angles is much greater than the effect 
of enstatite or calcium tschermak's molecule on the same diffraction angles. 
The clinopyroxene 221 and 310 diffraction angles measured from the 
syntheses at 11500C and 11 to 14 kilobars are nearly identical to those 
measured from clinopyroxenes in 
4 
 E 2 	 at the same conditions. 
fo,cpx,opx,sp 
There is, therefore, no reason to believe that there is any appreciable 
amounts of jadeite in the clinopyroxenes synthesized in composition D at 
these conditions. At pressures greater than 14 kilobars at 1150 0C, the 
clinopyroxene 221 and 310 diffraction angles depart strongly from those 
expected from the clinopyroxene diffraction angles in 4 2 E 	 at fo , cpx, opx, sp 
the same conditions. Fig. 7.2 illustrates the strong increase in the 
clinopyroxene 221 and 310 diffraction angles at pressures greater than 
14 kilobars. This is accompanied by a strong reduction in the amount of 
plagioclase in the phase assemblage. The observed high clinopyroxene 
221 and 310 diffraction angles can only be explained by jadeite entry in 
the clinopyroxene solid solution series. 
The stability of garnet with forsterite at high pressures was 
immediately recognized by the abrupt change in the peak height ratios 
shown in Figs. 7.1 and 7.3. Two experiments on composition D seeded with 
4 wt%pyrope seeds at 11500C and 21 and 19 kilobars confirmed that garnet 
was stable with forsterite at these conditions. No pyrope seeds remained 
in one charge which was reversed at 1150 0C from 19 to 17.3 kilobars. 
This confirmed that the abrupt change in the peak height ratios was due 
to the reaction of the low pressure phase assemblage to form garnet and 
forsterite. 
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A.3 Identification of the charges 
CuKa radiation was used for the x-ray diffraction of the charges. 
A generating power of 28 mA and 44 kV was used and the x-rays were passed 
through a nickel filter. A goniometer scan speed of 2 020/minute was 
normally used for the identification of the characteristic mineral peaks. 
A slower scan speed was used in the measurement of the clinopyroxene 
diffraction angles. Table A.5 lists the important characteristic. , diffractioi 
peaks for the minerals synthesized in this work. 
TABLE A.5 
Mineral 	 hkl 	 d(A) 	 020 
Forsterite 	 021 3.88 22.90 




130 2.768 32.32 
131 2.5113 35.70 
112 2.458 36.52 
122 2.268 39.70 
Anorthite 	 202 4.04 21.98 
130 3.78 23.52 
130 3.62 24.57 
.114 3.38 26.38 
220 3.28 27.17 
040 3.21 27.76') 
27.79 
204 3.19 27.94 	) 
220 3.12 28.58 
134 2.655 33.73 
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Mineral hkl d(X) 0 20 
Clinopyroxene* 020 4.46 19.9 
(CMS 2-  CAS-MS) 021 3.35 26.6 
220 3.23 27.6 variable 
221 3.00 29.9 variable 
310 2.94 30.4 variable 
311 2.89 30.9 variable 
131 2.56 35.0 
002 2.52 35.6 
2.50 35.9 
331 2.13 42.4 
Spinel 111 4.66 19.03 
220 2.858 31.27 
311 2.437 36.85 
400 2.020 44.83 
511 1.5554 59.36 
101 4.22 21.03 
201 3.08 28.96 
202 4.03 22.04 
130 3.75, 23.69 
130 3.63 24.50 
114 3.36 26.50 
220 3.28 27.19 
040 3.23 27.59 
204 3.18 28.03 
220 3.13 28.49 
Mel iii t e 
Labradorite 
A.22 
Mineral hkl d(R) 020 	
/ 
/ 





Orthopyroxene* 420 3.17 28.1 
610 2.87 31.1 
421 2.69 33.0 
521 2.46 36.5 
Garnet* 400 2.86 31.0 
420 2.57 34.8 
*Clinopyroxene, orthopyroxene, and garnet 20 peak positions are variable 
to ± 0.3 020. 
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Optical identification of the phases present in each charge was found 
to be very difficult because of the extremely fine grained size and the 
complex intergrowths of the constituent phases. Clinopyroxene and 
orthopyroxene intergrowths were found to be typically mermekytic with 
undulose-type extinction properties; a positive identification of each 
could not always be made. Table A.6 lists the important criteria which 
was used to identify the phases present in the grain mounts. A liquid of 
refractive index 1.657 was used for all the grain mounts. 
TABLE A.6 
Refractive  
Mineral 	Relief 	Form 	Index 	
Birenfringence Extinct 
Forsterite 	Moderate- 	Anhedral 	five 	High 	 - 
Low 
Clinopyroxene Moderate- 	Anhedral 	+ive 	High 	Undu10 
High 
Orthopyroxene 	Low 	Anhedral 	-i-lye 	Very Low 	Unduiw 
Plagioclase 	Very Higi1 
Anhedral-As 	 Very Low 	- 
Intergranular -ive 
'Films' 
Spinel 	 Very High Octahedral 	+ive 	Isotropic 	- 
Garnet 	 Very High Dodecahedral 	-i-lye 	Isotropic 	- 
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APPENDIX B 
COMPOSITIONS OF THE STARTING MATERIALS AND THE PHASES CRYSTALLIZED IN EACH AT 1200°C AND 
ATMOSPHERIC PRESSURE 
Composition 1-113 Al All Alil G.P. 11-5 11-13 H-14 D* 
and I-IIB 1- 
Oxide 
S10 42.95 50.30 42.90 43.03 48.38 48.47 45.59 47.28 47.16 
A1 203 17.78 1-19, 14.56 24.34 9.12 13.71 19.34 16.04, 16.00 
MgO 9.77 24.10 34.53 19.24 32.45 18.97 19.12 19.03 27.84 
CaO 29.50 13.41 8.01 13.39 10.03 18.85 15.95 17.65 7.04 
Na20 - - - - - - - - 1.95 
Phases at 
12000C and 
An,Fo, An,Fo, An,Fo Ari,Fo An,Fo, An,Fo, An,Fo, An,Fo, Fo, Lab- 
Cpx,Opx,Sp Cpx,En55 Cpx,En55 Cpx Cpx Cpx radorite 
1 atm. 
- crystallized at 11800C and atmospheric pressure 
APPENDIX B (Continued) 
Composition Di 95Py5 Di 90P y10 Di85Py15 Di80Py20 5-3/1-8 63/19 4-3/1-7 3-3/1-6 Py40Gr60 Py45Gr 
Oxide 
Si0 2 54.53 53.64 52.83 52.07 50.47 51.36 49.36 47.96 41.78 42.0 
0 Al 2 3 2.25 4.33 
6.25 8.03 10.71 9.68 11.97 13.57 23.63 23.7 
MgO 19.62 20.56 21.42 22.22 21.16 22.97 18.92 16.09 11.20 12.6 
CaO 23.59 21.45 19.49 7.68 17.66 15.98 19.75 22.38 23.39 21.5 
Na20 - - - - - - - - - - 
Phases at 
1200°C and Cpx, 
Cpx, Cpx,En55 Cpx,En 55 Cpx,En 55 Cpx,En 5 Cpx, Cpx,An, Cpx,An, Cpx,An 





EXPERIMENTAL WORK I 
SOLID MEDIA RUNS 






02 e Cu Ka 
Cpx 221 
02 0 Cu Ka 
Cpx 310 
Optics 
1.1113 1 22 1000 7.7 20.0 1.00 1.85 
1.67 29.89 30.114 Sp corroded 
1-113' 46 1000 8.1 26.3 0.64 2.28 
1.00 29.86 30.30 * 
1-113' 20 1 1000 9.5i 8.51 1.25 
0.80 1.25 29.90 30.36 - 




16.0 0.66 2.10 1.00 29.88 30.32  
I- 113' 115 1000 9.35 19.5 0.26 5.55 
0.39 29.90 30.42 An apa'ce 
1-118' 1,4 1000 9.65 21.75 0.31 3.12 
0.65 29.81, 30.1,0 - 
1 - 113' 31, 1000 10.1, 22.0 0.27 5.00 
0.1,0 29.93 30.1,6 Sp octahedra 
I118' 1,3 1000 10.8 21.75 0.25 6.70 
0.23 29.95 30.1,7 Sp octahedra 
1-112' 21, 1050 9.25 18.0 0.30 2.86 0.51 
29.90 30.1,8 - 
1-113' 27 1050 10.15 10.0 0.1,0 1,.00 
0.55 29.90 30.1,7 - 
I - 118 7 1100 7.0 15.5 3.60 0.33 
0.38 29.86 30.32 Sp corroded 
1-113 8 1100 8.8 17.0 1.90 0., 
1.70 29.93 30.1,1 - 
1-113 9 1100 9.05 19.0 0.36 11.00 
0.45 29.90 30.1,6 - 
1-113 31 1100 9.2 21.0 0.23 6.65 
0.46 29.92 30.1,8 - 
I -118 1,8 1150 8.9 11,.5 0.27 5.00 0.1,7 
29.95 30.52 - 
1-JIB 28 1150 9.85 25.75 0.13 10.00 
0.19 29.91. 30.50 Sp octahedra 
An oparce 
I -118 11 1200 9.51 13.751 0.83 1.00 
1.93 29.96 30.1+2 An abundant 




18.5 0.116 2.70 0.91 29.90 
30.1,9 - 
1-118 10 1200 9.05 23.75 0.35 3.33 
0.14 29.92 30.50 - 
I -118 39 1200 9.15 •21.75 0.18 
7.10 0.26 29.93 30.52 - 
110 1200 9.65 20.0 0.36 5.00 0.33 
29.93 30.51, - 
1-113 14 1200 9.85 20.75 0.36 11.00 
0.36 29.91+ 30.119 - 
I -113 37 1200 10.4 21,.25 0.13 13.00 
0.16 29.90 30.53 - 
1-113 42 1200 3)3.5 20.0 o.16 7.15 
0.34 29.93 30.1,8 - 
C) 
1) 
TA&E C.1 COUD. 
9oo 
Sio-- 
7.10. P?.!tr.  
b - I 
71# 
h-i 
t9,r.,?dl t,?!e1tr 	O16 23tor.r1t. 
T.4 sp1r..t 
°2 8 Co 6. 
C 	it 
02  8 Cu K. 
C 
Op-.c2 
pin1nt 19 22ar.lthtt. 
• :83 12 12) 9.9 17.0 1.0.3 1.69 1.53 22P. P.51 Op 	r-oi.J, 
minor 1. 
I- Ct? 69 1253 23 U.) 0.35 2.90 0.30 - - 
- i -13 II. 1252 9_I. 19.3 0.243 3.33 0.36 29.99 30.56 Op oet.h.lraI. 
H - 34 5 1252 11.0 39.3 0 •1 3 7.20 0 29.929 30.5;2 - 
I - It? 69 1253 20.0 .03 0.249 2.3 3.00 - - 
A" II 23 3272 10.0 19.5 0 0.11 29.913 3;; No An 
I - lIP 65 3?7 9.5 1.) - - . - - Po,5p,pz,2. 
o 	:t 62 1275 9.3 19.75 - - - - - Po,,:px,1. 
I - :re 35 1100 9.7 39.7; - - - - - P,Sp,l. 
I- rrp 16 1200 9.35 2.0 - - . - - 
I- ItS 61. 1233 9.0 1.0 - - - . PoSp 
I - It! 67 12751 10.3 2.02. - - - • - Po,SpL 
13;Or 8.or 
I 	118 5? 1 	1325 10.)5 14.7 - - - . 
GAS MEDIA RUNS 
- its' 86 850 9.2. 12.4_I0 0.32 2.93 0.72 29.86 30.37 
I- 1' B 1 55 930 9.0 2.2.25 0.66 1.. 1.30 27.99 30.3; 
1-118' 56 903 8.7to 61.5 0.31 3.95 0.67 29.86 30.39 - 
93 
I- III' 63 950 9. 12.1.0 0.55 2_I.3 0.91 29.85 30.36 
H - It. 6 1053 9.0 168.3 - - . No Op 
H - 14 7 1050 B.I. 96.0 co . - No Op 
I - ITBI 68 1350 8.4 96.0 0.1*9 2.58 0.75 29.86 30.39 Sp corrodes 
I- :I3 53 1133 7.75 66.25 0.59 2.06 0.88 29.86 30.35 - 
- III 54  1130 8.6 49.0 0.53 2.59 1.00 29.89 30.'.'. - 
1-813 53 1130 2.9 94.3 0.45 3.10 0.72 29. 20 30.46 Sp octahedral 
H -11. 8 1150 9.1 132.5 o - w - - No Op 
H - 14 9 1150 9.05 120.0 3 .32 5.50 1.37 • Op grow 
H - IL 13 1293 10.8 67.0 0.1.0 7.00 0 29.922 30.538 Sp grew 
1. • 1tt1t1l 
t • t1621 
C) 
TABLE C.2.1. 














Optical 	X-rny diffraction 
02 0 Ca Ka 
- 
Cpx 221 







A IT 5 1100 9.0 18.0 hi-b Fo,px,Sp,An 	?O,CpX,0pX,p,Afl - - - - poor x-ray pattern 
A II 6 1100 9.0 18.0 ill-b Fb,Sp,t. 	Fo,Sp - - - - abundant I. 
A IT 7 1100 8.9 18.0 ill-b Fo,Cpx,So,An 	Fo,Cpx,0px,.p,Ax4 29.902 30.475 16.1 11.1 - 
±.002 
A II 8 1100 10.9 18.0 ill-b Fo,Cpx,Sp,An 	?o,Cpx,Opx,Sp,An 29.898 30.1459 114.8 1.0.3 - 
±.003 
A II 9 1100 12.6 18.0 ill-b Fo,Cpx,Sp,An 	Fo,CpxOpx,Sp,An 29.897 30.t3 13.9 10.0 - 
±.003 +.005 
A IT 10 1100 17.6 18.1 ill-b Fo,Cpx,Cp,An 	Fo,Cpx,Opx,Sp,Ac 29.8914 30.1432 13.1 9.0 - 
±.002 ,.004 
A IT 32 1100 114.8 18.0 1-b Po,Cpx,Sp,An 	Fo,Cpx,Opx,Sp,An 20.896 30.14146 13.7 9.5 - 
±.003 .003 
0? 14 1100 17.9 21.0 Ill-b Fo,Cpx,Sp,An 	?o,Cpx,Opx,Sp 29.883 to 30.3814 to 9.2 to 5.7 to trace An 
29.889 30.t014 10.5 6.8 
0? 5 1100 18.0 20.1 ill-b Fo,Cpx,Sp 	Fo,Cpx,Opx,So 20.878 30.380 8.6 6.5 - 
GP 6 1100 12.0 20.0 ill-b Fo,Cpx,Sp 	Fo,Cpx,Opx,Sp 29.887 30.1411 10.5 7.3 - 
1 .005 
A XI 31 12001 12.01 8.01 I-a Fo,Cpx,Sp,An 	Fo,Cpx,Opx,Sp 29.886 30.1+92 ]i+.7 15.0 - 
1100? 15.0? 12.0 ..002 •.003 
A II 25 1200 9.2 18.3 i-a Fo,Cpx,Sp,An? 	Fo,Cpx,Opx,Sp 29.909 30.512 18.8 13.1 - 
±.002 .003 
A IT 33 11001 15.01 15.01 i-a Fo,Cpx,Sp,Ma 	Fo,Cpx,Opx,Sp 29.909 30.509 18.6 13.0 - 
1200? 10.1? 11.0? ±.001. .005 
A IT 15 1200 12.0 18.1 ii-b ?o,Cpx,Sp,L 	Fo,Cpx,Opx,Sp 29.910 30.1499 trace L 
±.002 18.4 
A IT 30 1200 12.3 20.8 i-b Fo,Cpx,Sp,An 	Fo,Cpx,Opx,Sp 29.911 30.50 1 
12.0 
.003 
A IT 12 1200 13.0 18.0 ii-b Fo,Cpx,Sp,L 	?o,Cpx,Opx,Sp 29.909 30.1495 17.9 11.8 trace L 
1.002 .t.002 
A IT 13 1200 114.6 17.9 i-a Fo,Cpx,Sp,An 	Fo,Cpx,Opx,Sp 29.9014 30.1482 16.7 11.1+ - 
±.003 .00l 
A IT 114 1200 17.0 18.3 i-a Fo,Cpx,Sp,An 	?o,Cpx,Opx,Sp 29.902 30.1470 15.7 10.8 - 
±.002 ±.003 
A IT 31+ 1200 18.0 18.0 1-a Fo,Cpx,Sp,An 	?o,Cpx,Opx,Sp 29.901 30.1466 15.4 10.6 - 
t.0O2 .003 
OP 1 1200 12.0 18.2 i-a Fb,Cpx,Sp 	?o,Cpx,Opx,Sp 29.902 30.1+72 15.5 10.8 no An 
.002 
OP 2 1200 18.0 18.1 i-a ?o,Cpx,Sp 	?o,Cpx,Opx,Sp 29.895 30.14143 13.6 9.3 no An 
±.003 1.005 


















Optical 	X-ray diffraction 
0 2 6 Cu Ka 
Cpx 221 







A IT 28 1270 10.0 19.5 i-a Fo,Cpx,Sp 	Fo,Cpx,OpX,Zp 29.913 30.557 21.4 16.2 - 
1 .005 ±.0o6 
A IT 27 1270 11.2 18.5 i-a Fo,Cpx,Sp 	Fo,Cpx,0px,p 29.913 30.537 20.6 15.0 t .001 
A II 29 1270 12.9 18.7 i-a Fo,Cpx,Sp 	Fo,Cpx,Opx,Sp 29.910 30.522 19.4 13.9 - 1.004 ±.0o6 
A IT 22 1300 10.4  18.7 i-a Fo,Sp,L 	Fo,Sp - - - - - 
A IT 19 1300 11.1 18.0 1-a Fo,Cpx,Sp,L 	Fo,Cpx,Opx,Sp - - - - - 
A IT 26 1300 11.2 18.0 i-a Fo,Cpx,Cp,L 	Fo,Cpx,Opx,Sp - - - - - 
A II 21 1300 12.9 18.5 i-a Fo,Sp,L 	Fo,Sp - - - - - 
A IT 18 1300 13.2 20.1 i-a Fo,Opx,Sp,L 	Fo,Opx,Cp - - - - - 
A IT 35 1300 14.0 18.0 1-a Fo,Cpx,Sp 	Fo,Cpx,Opx,Sp 29.911+ 30.5+5 20.8 15.6 - ±.0O7 
A IT 17 1330 15.0 20.5 i-a Fo,Cpx,Sp,L 	Fo,Cpx,0px,p - - - - - 
A IT 16 1330 15.3 18.0 1-a Fo,OpX,Sp,I. 	Fo,Opx,Sp - - - - - 
A IT 23 1303 16.2 1.3 i-a Fo,Cpx,Sp 	Fo,Cpx,Opx,Sp 29.910 30.525 19.7 1I.1 - 
.002 
A II 20 1300 17.0 19.8 i-a Fo,Cpx,p 	Fo,Cpx,Cpx,Sp 29.910 30.517 19.2 13.6 - 
1.002 ±.003 
OP 3 1300 1.0 18.2 i-a Fo,Cpx,Sp 	Fo,Cpx,Opx,Sp 29.911 30.525 19.8 14.3 - .003 1.0014 
A II 36 11400 20.0 18.0 i-a Po,Cpx,Sp 	Fo,Cpx,Opx,Cp 29.915 30.594 23.6 19.5 - 
.005 ±.006 
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Optical 	X-ray diffraction 
02 0 Cu Ka 
Cpx 221 







A II! 1 1100 15.9 18.0 il-h Cpx 	 Cpx 30.07 30.71 51.. 9. Cpx only 
A Ill-I' 1 1100 15.1 18.0 ji-b Cpx,Gt 	Cpx,Gt - - - - Gt dodecahedra 
A III 2 1100 10.0 20.8 11-1, An,Cpx,lp 	An,Cpx,Opx,lp,?o 29.905 30 45J 15.5 8.1. 
:t .003 ±.00b 
A III 21 1100 11.0 18.0 il-b An,Cpx,ip 	An,Cpx,Cpx,Cp,Fo 29.920 30.1.65 18.2 6.8 - 
±.006 
A III 3 1100 12.1 19.5 ii-b An,Cpx,Sp 	An,Cpx,Opx,lp,Fo 29.936 30.188 21.4 6.7 - 
±.00I+ ±.005 
A III 5 1100 13.0 18.7 ii-b An,Cpx,Sp 	An,Cpx,Opx,Sp,Fo 29.91.8 30.511 21..7 6.5 - 
±.003 ±.004 
A III l 1100 13.9 19.9 ii-b An,Cpx,Ep 	Ar.,Cpx,Opx,Sp,Fo 29.961 30.531 27.8 6.4 - 
±.003 .005 
8.11. 3 1100 10.0 20.5 ill-b An,pxSp 	An,Cpx,Opx,lp 29.901 to 30.41.0 to 1L.2 to 7.6 - 
29.907 30.1.1.9 15.5 
8-1I. 5 1100 13.9 21.1 ill-b An,Cpx,Sp 	An,Cpx,OpX,Sp 29.938 to 30.1.96 to 22.1. 	to 6.8 - 
29.91+ 6 30.507 23.5 
A III 19 1200 9.0 19.0 it-b Cpx,lp,t 	An,Cpx,Opx,Sp,L 	. - - - - - 
A III 20 1.100 8.9 18.5 i-a An,Tpx,Sp 	An,Cpx,Opx,Ep,Po 29.901+ 30.1+86 17.1 11.6 - 
.002 ±.005 
A III 15 1200 10.0 18.0 i-a An,Cpx,Sp 	An,Cpx,Opx,ip,Fo 29.926 to 30.511. to 21.1+ 	to 10.14 to - 
29.936 30.527 23.5 10.7 
.1. 	III 16 1200 1C.8 18.0 1-a An,CPX,Sp 	An,Cpx,OpX,Sp,Fo 29.926 to 30.511. to 21.1+ to 10.1. to - 
29.936 30.527 23.5 1.0.7 
A III 6 1200 11.9 17.7 i-a An,Cpx,Sp 	An,Cpx,Opx,Sp,Fo 29.937 30.528 23.8 10.3 - 
± .003 t.004 
A Iii 14 1200 13.1 13.0 i-a .tn,C,Sp 	An,px,Opx,Sp,Po 29.950 30.51.7 26.7 10.0 - 
.00L 1.004 
A III 22 1200 13.7 19.5 i-a An,Cp,lp 	An,Cpx,Opx,Cp,Po 29.960 30.562 29.1 10.0 - 
1.004 
A III 13 1200 14.2 18.0 i-a Cpx 	 Cpx 30.05 30.93 - - Mph alumina , 
high enstatite 
inCpx 
8-13 1 1200 13.0 18.0 1-a An,Cpx,Cp 	An,Cpx,Opx,Cp 29.91.2 30.537 25.0 10.1+ - 
±.003 1-004 
8.13 2 1200 11+.0 20.3 I-a An,Cpx,Sp 	Ln,Cpx,Opx,Sp 29.953 30.551 27.3 10.1 - 
±.002 
Py1...Gr-5 1. 1200 13.0 18.3 i-a £n,CpX,Sp 	An,Cpx,Sp,Opx? 29.991. 30.516 31.7 0 
, ±.005 1.006. 
PyI. 	, 50rc-. 2 1200 t1+.1. 18.0 1-a An,Cpx,Sp 	An,Cpx,Sp,Opz? 30.006 30.55l 35.9 0 to 1. £.0+21i. 
a 









Drying pro Time 
 
Phore Identification 
Optleol 	X-ray dlttroetlofl 









H-14 5 1250 11.0 19.0 i-ft An,CpX,Sp 	*n,Cpx,Cpz,lp 29.929 
30.552 23.64 13.66 - 
.002 .003 
A III 18 1300 11.9 19.0 1-ft Cp,Cpm,1 	Cpz,Opx,03 - - - - - 
TI! 10 1300 16.0 19.5 i-a Cpx,Sp,Ar. 	Cpx,Opx,Sp,An? 29.967 30-635 33.9 15.9 - 1.004 1.005 
A III 17 1300 1.'. .2 18.0 1-ft Cpo,Sp,An 	Cpx,Cpo,Sp,An? 29.970 30.658 31.7 15.3 - 
.002 
A I:! 10 1300 15.1 19.0 i-o Cpx,lp,1 	Cpo.Op - - - - 
A lIt 12 1300 15.0 19.0 i-a Cpo,Sp,An 	Cpx,Opm,0p,An? 29.990 30.650 
36.7 15.3 - 
t.004 ;t00C 
A III 9 1350 16.0 19.0 I-a Cpx,Sp,1 	Cpx,Sp - - - - - 
A III 7 1950 17.2 21.0 i-ft CPS: 	 Cpa 30.07 30.99 - 
- 11th alumina 
up6 eraite 
In C pa 
9-5 1 100 15.4 i'.o i-m Cpx,Opx 	Cpx,0p0 29.915 30.610 29.0 16.7 no Op.  no An .005 .007 
14-IL I, 1330 13.0 20.5 i-a Cpx,Sp,An 	An,Cpx,Opx,5p 29.951. 30.623 31.0 16.5 
1.003 1.005 
14-11 1 1900 19.0 19.5 1-a 1 	 - - - 
- 14,0 entry 
11-11. 2 3300 15.0 19.1 1-n Cpx,Opa 	Cpx,Opx 29.94 30.636 - - - 
.005 
t1 90 Py10 1 1300 15.0 19.5 ia Cpa,Opz 	Cpz 29.968 
30.1.54 10.0 13.0 - 
.005 o.007 - 
Py4. 50r 55 4 1300 13.2 19.0 1-ft Tpz,Sp,L 	Cpx,Sp - - - - 
1y
4.tr95 1 1300 13.0 09.0 i-a Cpu,g.1 	CPS - - - in proluct 
Pp 5 1300 13.9 18.0 i-i Cpi,Sp,I. 	Cpx,Sp 30.039 30.599 
43 0 to 1 truer I. 50r 55 
Py4..2r- 7 1300 15.1 19.0 1-ft Cpx,lp,l. 	Cpx,Sp 30.059 30.632 4.8 0 to 1 
trone I. 
3 	29 .00. ..00a 
A I-S' 1 1150 11.2 15.9 II-b Cpz,Cpx,Ct 	Cpx,Opa,Ct - - - 
- acal-dodeeheSral 
garnet 
A 1-3' 2 1150 11.21 10.01 19-b An,CpX,8p,Ot 	An,Cpa,Opx,Sp,Ot - - - - 
ftpQrCe, 
19.5? 12.2? an0e5r,1 
A t..S 1 1290 ii. .8 20.1 07.6 Cpx,Opn,Ot 	Cpa,Cpx,Ot 29.999 30.964 29.9 12.2 
,eml-doAeC.AeOrftl 
.0CV4 ..005 t,rnt 
A 1-3' 3 P00 16.0 16.3 Iv-b Cpv,Ooa ,Ct 	Cpx,OpX,Gt 
29.90 30.591 28.2 19. .3 actS -uu3.cthnlrml 
2.001 
1. 14 2 1350 17.0 1 	6.5 IV  Cpz,OpX,Gt 	Cpx,0pa,Ot 29.976 30.670 37.0 17.7 
.emi-do5ec&'.eSrel 
.007 gonet 
A 1-3 I. 1390 20.0 6.0 1.-b C2.,,0pu,Gt 	pz,0px,Ct 29,930 3O. 27.0 18.9 
lcIeuahedral it 
2.0421. 
5 • 6 %a'n.t ae-do(pyrom.85-roa3u'ari9 - we).) 
1'. 8 et7pyrc'p. led. 
1 	1,111,1 
7 - tlrat 
• ni.rH- InnS Sc .znenelnl Pt tube at 1100 0C for 1 bOor pilor to 14.011014 
11 • thorpe left unItieS - Pt tub* onolcd 
III • ch.rt. Inopamad with on.11 qoatity 1420 - Pt tube ,in,e.1M 
1. - Ch&?I' 4rl.4 In un.a1ed Pt tube at 500 °C for .9 hour prior to 0-,cling 
ft • f,rrwie cell d,i5 in nitrnpn ('urnoc' for .5  hour at 8000C 
6 • furnace c•ii. e.rt ur,ieloS 
TABLE C.3 	- 	71 	O 


















Optical 	X-ray diffraction 
02 0 Cu 
Cpx 221 






1 1200 1 ala 28 i Cpx,An? 	Cpx,Fo? 29.855 30.352 1.6 6.6 tracc An 
.i.003 .001 
D12y 00 1 1233 1 ata 28 i Cpx,An 	- 	Cpx,An,Fo 29.836 30.369 3.0 13.8 - lc  
1 1200 3. atm 28 Cpx,An,Er. 55 ? 	Cpx,An,Fo 29.81+0 30.1.0) 4.7 3.5.6 - 
'7 	' +.005 i.007 
0i1 0 2y 20 1 
1200 1 at 28 i Cpx,An,En
- 	
Cpx,An,Fo,E0 55 29.826 30.398 2.9  
+ .001. 2..303 
5-9/1-5 1 1200 1 atm 28 1 Cpx,An,En 55 	Cpx,An,Fo,En 1 29.831 30.1+04 3.7 174 - 
+.003 ±.003 
6-3/1-9 1 1203 1 eta 28 1 Cpx,An,En50 ? 	Cpx,An,Fo,Er. 5 29.832 30.395 3.1+ 16.5 - 
1.-3/1-7 1 1200 1 at= 28 1 Cpx,An 	Cpx,An,Fc' 29.832 30.342 3.9 8.2 - 
+.003 ±.005 
3-3/1-6 1 1200 1 atm 28 1 Cpx,An,Sp 	Cpx,An,Fo,p 29.923 30.1+2 16.7 2.1 very fIr 	r'. 
.005 1 00 
Py1.0  Cr60 1 1200 1 atm 28 1 
Cpx,An,Sp 	Cpx,An,Sp,Mel 29.933 30.1+25 to 16.1+ 0.7 very fir..-grained 
..004 30.1+33 1.2 
Py. Jlr.... 1 1200 1 atm 29 1 Cpx,An,Sp 	CpX,Aa,Sp,Mel 29.925 30.1.17 •1?.5 1.0 trace Mel 
.005 I .006 
DI _Py_ 2 1250 7 kb 21 1 Cpx 	 Cpx 29.859 30.358 5.2 8.6 homoeneoua Cpx 
+.002 .JL)2 
Dl 	:,Y-,r 2 3.250 7 kb 21 1 Cpx,Opx 	Cpx 29.870 30.1.1+8 10.0 11..2 trace Jpx 90 +.1.0L 1.004 
2 1250 7 ICh 21 1 CpX,OpX,Afl 	Cpx,OpX 29.871, 33.1.81 12.1 16.2 trace An 
' •.001 f 
DiPy2 2 1250 7 k'-- 21 1. Cpx,Opx,An 	CpX,OpX,An,F0 29.87$ 30.l80 12.! 15.1+ - 
4-/1-7 2 1250 7 kb 21 1 Cpx,An 	Cpx,An,Fo 29.892 30.1+56 13.7 11.2 - 
.-.002 .005 
3-3/1-6 2 1250 7 kb 21 1 Cpx,An,Sp 	Cpx,kn,ip,Opx? 29.922 30.1.75 19.1 7.5 very fine grained 
±.007 
Py 	Gr.... 2 1.250 7 kb 21 1 Cpx,An,p 	CpX,Axi,Sp 29.967 30.1+90 26.1+ 0.9 vary fine grained 
' 	 " .004 I..006 
Py1.0Gr 2 1250 7 kb 21 1 Cpx,An,Sp 	Cpx,An,Sp, 29.717 30.501+ 19.3 11.2 - 
7 .004 1.005 
I • charge dri'd at 1100 °C in open Pt tube prior to sealing 	
(7- 
atm - atmosphere 











Tim I 00px L 210pX I22 Cpx 1 3112p 101+0 Plag 
t22icP 
02 8 Cu 
Cpx 22 
02 e Cu 
Cpx 310 
02 8 Cu K 
Cpx 220 
2 1.3070 130 ° 213070 ulSoF'o 
91 1153 10.0 itb 18 0 
0 0 0 - - - Ab,M11aflt PIes 
- Po,Cpx,SP,L  
92 1.150 ti-b 18 - - - u ,.6 - - - . - 
91 1150 11+.5 iii-b 18 - - - - - - - 
- Fo,i. 
- Fo,Cpx,Sp,L 
94 1150 16.0 iii-b 19 - - - - - - - - Fo,Cpx,Sp,L 
95 1150 20.0 lit-b 18 - - - - - - - - Fo,Cpx,Sp,L 
96 1150 13.6 lit-b 18 - - - - - - - - Fo,Cpx,Sp,L 
97 1150 18.0 it-b 18 - - - - - - - - Po,Cpx,&p,1. 
98 1150 12.0 ti-b 18 - - - - - - - - ?o,Cpx,Sp,t. 
99 1153 23.0 iii-b 18 - - - - - - - - PO,Cpx,Cp,I. 
101 1250 18.0 i-a 18 - - - - - - - - Pb,Cpx,Sp,L 















30.1+3 - PO,Cpx,Gp,Plag 
103 1150 13.7 i-a 
18 0.55 0.08 0.91+ 0.53 2.18 29.89 
- - Fo,Cpx,Sp,P1a8 
120 1.150 11.0 i-a - Po,CpX,Sp,. 
116 1150 11.5 1.8 18 - - - - - - - 
117 1150 12.2 i-a 19 0.67 
0.1.0 1.18 0.71 1.67 29.91 - - Fo,Cpx,Sp,Plag 
- Pb,Cpx,Sp,1. 
114 1150 32.5 1-a 19 - - - - - - - - Pb,Cpx,Sp,L 
101+ 1150 14.0 i-a 18 - - - - - - - - 70, 1. 















30.78 - Y,Cpx 1 Sp,P1a9 
105 1150 15.9 i-a 
18.2 1.67 1.20 6.67 3.33 0 to 
30.05 30.84 to - Pb,Cpx,Sp,P1ag 
112 1150 18.0 i-a 
1.65 0.28 3.57 1.51... 
0.15 - 30.08 
30.92 
- - Ft.,Cpx,Sp,Gt? 
11.5 1150 19.0 i-a 19 
0.38 1+.20 1.60 - 30.09 31.0 
- 70,Cpx,Sp,Gt?7185? 
106 1150 19.6 i-a 18 2.00 
107 1150 22.6 i-a 20 1.8 0.20 
1+.00 1.1+5 - 30.1.7 - - ?o,Cpx,Gt?Plag? 
108 1150 21..5 i-a 19 1.63 0.17 
3.70 1.37 - 30.18 - 
- Po,Cpx,Gt? 
- P0,Cpx, 
3212 1150 21.0 ttb 17.5 - - - - - - - 
Fb,cpx,21  
1231 1150 20.01 it-b ill - - - - - - - j9.or 13f 
- 
- 
121.8 1150 19.01 ti-b 1.31 
13t 




















O 	0 Cu Ka 
pa 221 
02 e Cu Ks 
Cpa 31.0 
02 e Cu 
Cpa 220 
optic.. 
I 30PO I130Fo 11302 O 
125 1250 12.0 i_a 18 1.56 0.1.6 
1.21 0.96 - 29.96 30.141+ 27.90 
Po,Cpx,Sp,1. 
i-a 19 1.68 0.50 2.85 1.55 
- 29.98 30.72 27.98 8,Cpx,Sp,P1.ag,L 
126 1250 13.0 
5.27 2.61+ - 29.98 30.76 27.96 
Fo,Cpx,ip,Plag,L? 
327 1250 15.0 i-a 18 2.91+ 0.79 
i.. 18.3 2.4 0.77 5.27 2.58 
- 30.00 30.79 27499 FO,CpX,Sp,P1,L? 
129 3.253 16.1 
1.00 7.1.5 3.60 - 30 .02 30.85 
28.02 ?o,Cpx,Sp g Plag 
128 1250 17.0 i-a 18 
18.2 
3.142 
3.80 0.96 8.50 3.68 - 30.01+ 
30.91 28.08 P,,Cpx,Sp,P1ag 
131. 1250 18.0 i-a 
19 3.89 0.89 8.85 3.81 
- 30.04 30.93 28.08 To,'pa,Sp,P1ag 
121 1220 19.2 i-a 
18 2.93 0.65 6.67 2.53 
- 30.075 30.99 28.10 Fo,Cpx,Gt? 
12 320 19.8 i_a 
18 2.91+ 0.55 6.114 2.54 - 30.10 
31.01. 28.11 F,Cpx,Gt? 
130 1250 22.0 i_a - Fb,Cpx,Sp,L. 
109 125C 114.5 i-a 18 1.84 
0.43 2.11+ 1.11. - - - 
- 7O,Cpx,$p,L 
101. 1250 18.0 i-a 18 - - - - - - * . Fo,Cpx,Sp,I. 
102 1250 114.0 i-a 18 - - - - - 	. - - - Pb,Opx,&p,L 
113 1250 114.5 i-a 16 - - - - - - - - P,Cpx,Cp,L 
111 1250 16.0 i-a 18 - - - - - - - 
I - initial 
f • final 
• 14 weight percent pyrope seeds 
i • charge drid at 110000 for 1 hour prior to weldIng capsule 
ii • charge left undried - capsule veiled 
iii • charge dampened with few drops 620 - capsule left unweldod 
a • furnace cell dried at 8000C for 20 minutes 
b • furnace cell loft undrted 
APPENDIX D 
CLINOPYROXENE END-MEMBER CALCULATIONS 
The temperatures and pressures which were experienced by the various 
natural basic and ultrabasic assemblages were estimated from the amounts 
of enstatite and calcium tschermak's molecule in the clinopyroxene solid 
solution. This was accomplished by calculating the mole proportions of 
all the relevant clinopyroxene end-members from the clinopyroxene analysis. 
From the mole proportions of calcium tschermak's molecule, enstatite, and 
wollastonite, the weight percent of calcium tschermak's molecule and 
enstatite in the diopside-calcium tschermak's molecule-enstatite(MS) solid 
solution series were calculated. 
In those clinopyroxenes which were not analysed for ferric iron, a 
program was used which calculates the approximate amount of ferric iron 
prior to calculating the mole proportions of the end-members. FE3CAL3 is a 
slightly modified version of a charge-balancing method for the estimation 
of ferric iron devised byA. K. Ferguson (University of Melbourne). This 
program assumes perfect stoichiometry in the clinopyroxene and estimates 
ferric iron by charge-balancing and cation site occupancy. A full cation 
site value of 4 is assumed and any deficiency is made up for by ferric iron. 
This method does not provide an accurate ferric analysis; however, it 
does give an estimation of the approximate ferric-ferrous proportions. 
The analyses in this appendix where this calculation was made is indicated 
by a * beside the Fe 203 and FeO. The original FeO content of the 
clinopyroxene is given in brackets. 
D.l 
The clinopyroxene end-members of each analysis were calculated 
according to the method of Kushiro (1962) using another program, PXENDS. 
This was developed by R. C. Cawthorn and amended by N. A. Chapman (1974). 
The (PXENDCR) version of the program was used where chromium was analysed. 
This gives the 'sodachrome' pyroxene molecule of the clinopyroxene in 
addition to the other clinopyroxene end-members. The analyses fed into 
this program were either ferric analysed or were ferric-corrected analyses 
from FE3CALC3, hence allowing for the calculation of acmite. 
The mole proportions of enstatite, wollastonite, and calcium tschermak's 
molecule from this program were then summed together and recalculated to 
100 mole %. Diopside was then formed from wollastonite and enstatite, and 
the remaining calcium tschermak's molecule and enstatite (not used for the 
formation of diopside) were calculated in weight percent. The alumina 
content was then calculated from the weight per cent alumina in calcium 
tschermak's molecule (0.467%A1 203 per mole). 
The calculated weight percent of enstatite and alumina contents in 
the diopside-enstatite-calcium tschermak's molecule solid solution series 
of each clinopyroxene were then plotted in Fig. 8.1 or Fig. 8.2, depending 
upon the mineral assemblage co-existing with that clinopyroxene, in order 
to estimate the temperature and pressure. The ferrosilite and the jadeite 
pyroxene end-members were not used in these estimations. 
Chapman (1974) showed that a 2% error in the analysis of Si0 2 , 
A1 203 , MgO, and CaO in the clinopyroxene can result in an error of ± 4.5 
mole % jadeite and + 2.1 mole % calcium tschermak's molecule. 
In Table DA below, the amount of enstatite and calcium tschermak's molecule 
in clinopyroxene (weight percent) have been calculated for S clinopyroxene 
analyses in order to assess the error developed from a 1% error in the 
analysis of the 4 major oxides. 
TABLE D.l 
Si02 	 52.00 	52.00 	52.00 	51.00 	51.00 
A1 203 	 8.00 	8.00 	8.00 	8.00. 	9.00 
MgO 	 22.00 	21.00 	21.00 	21.00 	21.00 
CaO 	 18.00 	18.00 	19.00 	19.00 	19.00 
CMS  (wt%) 	52.48 	53.21 	56.55 	56.06 	53.93 
MS (wt%) 	30.41 	28.62 	26.33 	25.85 	26.84 
CAS (wt%) 	17.07 	17.96 	17.32 	16.72 	18.86 
A one % error in the analysis of Si0 2 , A1 203 , MgO, and CaO can result in 
a •maximum error of ± 2.29 wt%MS and ± 2.14 wt%CAS in the cliriopyroxene. 
In the following tables, each clinopyroxene analysis is given 
together with the mole proportions of the pyroxene end-members and the 
calculated weight percent of calcium tschermak's molecule and enstatite 
(MS) in the diopside-calcium tschermak's molecule-enstatite solid solution 
series of the clinopyroxene. The source from which each analysis was 




C$inopyroxenes in coronas 
Specimen Cpx I Cpx II Cpx I Cpx It Cpx I Cpx I Cpz II Cpx I Cpx Il 
106A 106A 2H 211 123 B 2A 2A 23 22 
3etrence Griffin (1972) Griffin (1972) Griffin (1972) Griffin (1972) Griffin (1972) Griffin (1972) Griffin (1972) Griffin (1772) GIf1in (1972) 
Sw. 48.0 50.7 1.9.0 50.6 51.5 45.7 52.0 91.3 52.3 
0.8 0.5 1.3 0.5 01 3.1. 0.1 3.3 
AlO3 10.9 6.0 7-3 6.5 6.0 11.2 77 99 7 • 7 
3.3 3.9 1.2, 4.1 4.6 5.2 1.9 3.2 1.9 
VOO 0 1.2 1.9 0.8 2.5 0.1 0.0 3.2 1.5 3.2 
14g0 12.3 14.4 13.7 13.1 152. 12.6 13.6 13.:, 13.2 
n0 - - - - - 0.1. 0.1 - - 
CaO 21.2 21.2 21.3 70.7 21.2 21.3 20.7 23.7 20.2 
Na20 1.7 1.5 1.7 1.7 1.8 2.0 1.9 2.0 2.2 
K20 0.0 0.0 0.0 0.3 0.0 0.0 J.j 0.0 3.0 
Total 99.4 103.1 99.2 79.9 100.7 101.2 101.1 101.6 103.9 
mole role% ni.e% C1inopyroxer. 	end-nnbrs rolr% noie% o'o% ole aole% 
3.  
Acalte (Nc7e 51206) 9.1 10.6 12.3 11.3 12.3 13.8 5.1 1.).5 5.1. 
Jadeite (NaA1SI206) 3.0 0.0 0.0 0.8 0.1 0.0 7.1. 52, 1.3.2 
T1-Tsch.'rmalc (CaTIA1206) 2.2 1.1. 2.7 1.1, 0.3 0.3 0.3 0.9 2.; 
Ca-T5c1ernak (CaA]2S106) 19.8 1.1.1, L, .7 12.3 12.3 23.2 12.5 16.1. 1.0.7 
o11a7ton1te (0a231206) 30.5 3 14 -F 23.8 33.9 31.1 28.9 33.5 31.3 33.3 
Enstatit, (M 2 1206) 33.5 39.9 31.; 10.8 11.5 36.'. 35.' 
Perrosilite (?e 251206) 1.9 2.9 1.2 3.8 0.1 0.2 1.2 2.2 4.8 
t' vt X vt& Vt% wt % wt yo  t% •it% lOO7aAI,313 
23.8 13.6 15.5 15.0 14.2 27.4 1.5.1 1.9.5 13.6 
01S12O• 1I'S101 	"6 
________ 6.6 6.3 7.3 9.7 11.5 9.9 6.5 1.0.0 1.8 
•t,060M10 1 4 .aAl2S106 
TABLE D CONTD. 
Clinopyroxenes in coronas 
Src1.0 Cpx I Cpx It Cpx II- 
Co 	II-R Cpx I Cpx II Cpx I Cx II 
2F 2? 112k 112k 19k 19k 208 208 
Griffin (1972) Grftin (1972) Griffin (1972) Grfu1r, (1972) Griffin (1971) Griffin (1971) Griffin (1971) Griffin (1971) ReernCe 
50.6 50.8 51.1 49.9 51-4 52.0 51.8 
710., 0.3 0.2 
0.3 0.6 0. 0.2 0.2 0.]. 
A1,3 10.2 8.1, 
6.6 6.9 10.5 5.8 , 9.0 54, 
Fe,03 0.2 0.3 





Fe3 1.5 11.7 1.0 
3.7 2.0  
1A l0 12.6 13.2 12.9 
13.2 12.6 11.2 13.0 1.2 
- 0.2 0.2 0.1 0.1. Mn3 - - 
cao 19.1. 19.3 19.9 21.6 1 1 .9 20.7 21.3 21.3 
2.5 2.5 2.1 1.4 2.2 2.3 1.6 1.2. 
0.3 0.0 0.0 0.0 - - - 
Total 99. 99.' 99.1 99 .4 9924 99.6 99.7 99. 
Cllnoproxen' mole wie mole % olo % mole % Ino le CA mole mole 
A-lit' 	(N.Fe 	106) OS 0.8 5.2 5.0 0.0 1.0 6.8 6.6 
iit 	(NA1SI,06) 18.7 9.7 5.0 l'.' 2.1 .6 3.3 
Ti-Tsehertk (CaTiA106) 0.8 05 0.3 1.6 1.0 0.6 0.5 0.3 
C;-7chernk (2aA1S106) 11.2 8.8 8.6 10.7 3.2.9 10.8 115 9.7 
01stor.tt' 	(Ca.,5j,06) 30.3 31.9 311.3 3...1 29.7 3'..9 33.1 31.8 
3nstt1tq (X7-201236) 3.3 
3..7 3.2 3.9 32.. 36.0 35.3 38.8 
FrrogI11t 	(F 2  t 906) 
5.2 6.9 6.1 5.7 9.2 1.?, 3.2 
wt % vt% wt r. wt wt wt% 
1000 At,Zt0  
-------- 15.1 11.8 11.1 13.0 174, 13.3 19.6 1.1.5 
C.]43i20' MoiD3 	Caki 5106 
0103 




Clinopyroxenos in corcnos and 















Cpx in 5p1091- 
therzo.Ito(37,310) 
Ocourie 
Muir aM Tilley 
(1958) 
Cpx In spinel- 
1.her,olite (1-6) 
Eta 	de ther: 
Coi15o (1963) 
Cpx in spinl- 
3herzolite (1.7) 
3tan 	de Lierc 
O'Hara et at. 
(1971'o 
Cpz in spin+1.- 
w.bst'rIte 
Etang de L2her 
O'Hara (unpub1ihed) 
sio2 50.5 51.3 51.1 51.38 50.35 51.91+ 52.00 51.43 
Tb2 0.1 0.1 0.0 0.35 0.1+3 0.23 0.60 
A12 03 7.4 - 6.3 - 5.3 - 4.52 - 5.17 3.17 6.05 7.33 
Cr,0 3 a 1.30 0.58 0.015 
e2O3 3.2 2.9 0.6 1.85 1.69 0.20 1.07 0.8 
NO 1.6' (1+.5) 2.3(1+.9) 6.8(7.0) 3.31+ 3.28 1.78 1.37 1.21+ 
MgO 13.8 13.7 13.9 15.21 15.1+ 1 17.55 15.22 15.28 
__ 0.0 0.0 0.0 0.15 0.13 0.08 0.08 0.041 
cao 21.3 21.7 20.1 22.96 22.60 20.6 20.71 21.72 
Na20 1.5 1.5 0.9 0.51+ 0.1+1+ 1.10 1.67 1.30 
- - - 0.03 0.01 tr. 0.01 0.01 
1110 - - - - - r... 0.02 0.08 
Total 99.1+ 99.8 99.1 100.36 99.7'L 98.t'c 99.58 99.596 
C1tnopyroxen 	end-members mole % mole Y. mole % mole % male % OOIQ Y. ,010 mos 
Acalte (NaPeS1206) 8.8 8.1 1.7 3.93 3.1L 0.51 2.89 2.19 
Sodacheome (NaCrSi 2O6) - - - - - 3.70 1.65 0.04 
1.9 2.5 T dIte (A06) 1+.8 0.0 0.00 3.1+1+ 8.59 6.88 
TI-Tschermak (CaTi1 706) 0.3 0.3 0.0 1.01+ 1.17 0.6 162 0.92 
?err1techrrnak (CaFe'A1Si06) 0.0 0.0 0.0 1.11 1.1+7 0.00 0.00 0.00 
a-Tschermak (IaAI2SIO6) 11+.7 12.0 9.2 8.07 9.13 1+.39 6.91 11.15 
wollastonite (1aSI206) 31.2 36.3 35.1 39.1+8 38.35 37.36 353 35.80 
Lostatite (M 7 5I206) 37.6 37.3 
1+1.08 1+1.58 1+7.13 1+0.71 1+1.06 
Ferroslitte (Fe 2SI206) 2.5 3.5 10.1+ 5.29 5.17 2.81 2.18 1.93 
wt VIZ wt  wt% vt X VIZ 
130CaAl2SIO6 
17.2 1l+.1 11.2 9.17 10.31+ 1,02 8.1+0 12.83 
CaMgSt2O6. MSt0 3 + CaAI2SI06 
100l4gSiO3 - 
7.2 2.1 6.9 3.31+ 6.74 20.2 11.60 11.12 
Ca11S1206. 1'.0t03• CaAI,5106  
tj 
TABLE D CONTD. 
Clinopyroxenes from Etang de Lherz , Davos ( Totaip), Moncaup, Freychinede, and Bergentand. 
3ci-en opx in aite Cpz in spin1- Cpx in ariéite Cpx in ariite Cpx in garnet- Cpx in 	.rnt- Cpi in inir.1- 
(C-9) 1.hrzo1ite 	(357) (460) (M20) webst'rite 	(M17) w'herjte 	(70-385) 1COiit 	(375) 
e Lhz Totaip Totaip Moncaup, Xoncoup, Fyin'1e, 
Franc)? Francô rince .utr11 
O'(ari 	(unpuhlich"i) Pet'rs (1968) Peters (1968) Kornprobst and Kor&st and Korr.n 	I 	(In Press) t?ir 	1371) 
Conquer 	(1972) Conqur 	(1972)  
5I2 51 7 3 51.5 50.7 49.65 50.1+1 1+9.92 1.9.19 
0.22 - - 0.85 0.92 0.60 
A1,03 6.06 9.6 9.6 7.1.0 8.80 8.72 5.76 
0.079 - - 0.11+ - 0.28 0.76 
1.19 - 1.7, 1.50 1.09 1.25 - 
FeO 2.30 2.9 1.L 	(3.0) 2.31. 3.05 F4 3.84  
K 15.20 15.9 15.0 15.90 13.1.6 1 .30 19.08 
0.7o - - tr. 0.07 - 0.07 
co 21.60 23.2 21.7 20.40 19.62 19.90 21.08 
1.21+ 2.1 1.0 1.69 2.07 1.70 0.97 
0.01 - - 0.06 0.02 - 0.05 
NIl) 0.01+1 - - - - - 
70 , 21 99•79 130.2 101.1 99.93 99.51 99.51 100.14 
llrroxene .'rA-abers ole% mole X Mole  
3. 
Amite 	1,36) 3.23 0.0 1'.6 0.00  
3.93 2.90 3.38 
Solithroa, (N2rSt,0) 0.23 - - 0.39 - 0.73 - 
1t 	(Na,I1Sj20) 5.26 13.9 2.3 7.35 11.63 7.67 6.55 
TI-Tsck (0a1At20) 0.60 - - 2.22 2.50 1.62 0.1.1 
FItrnak (CeF&A1306) 0.00 - - 0.00 0.00 0.30 0.00 
•:a-T!cr( 	":;'06) 
8. 19.1. 9.27 10.1.3 13.01 9.04  
.o1.1.eiOnII 120 6) 3.59 32.9 11.9 2.?5 31.52 30.98 3.L3 
s:at1t 1.0.88 1.0.6 39.9 1.1.13 36.21. 39.2S 1.5.35 
Ferro11tt, (F 2 I120) 3.57 4.1 2.2 3.1+0 4.72 .27 5.51 
v % wt % Vt 	C Vt wt X wt Z wt V. iaA1i06 
11.13 10.1+ 21.2 11.37 13.1.8 16.01 13.1.6 
2 3 	•K..1.O 3 'CA3I06 
9.16 17.6 15.2 20.20 11.24 16.54 25.1. 
• Mt0, • 	A1,.tD6 
TABLE D. CONTD. 
Cflnopyrozonos from BorgnIod and Salt Lake Crater. 
Specimen Cpx in spinal- Cpx in eiógite (a362 
Cpz in ari6gite 
(836 3) 
CpL In arig1te 
(3361+) 





vebstrite (6&-;AL-11) Therzolite (R376) 
Beren1aM, Beran1.n. 8ergr.1rand, BergenlnM, Bergenlend, Oo].t Lake Crater Salt Lake Crater 
Austria Autris Austria Austria Austria 
Reference Richter (1971) Richter (1971) Richter (1971) Richter (1971) Richter (1971) Beeson and Jckaon Beaton ar. 	Jackson 
(1970) (1170) 
3102 
49.t,J+  51.83 51.88 51.31 - 51.89 - 49.14 1.8.60 
T12 0.05 0.30 045 0.1.3 0.32 1.17 1.68 
A1203 5.59 8.21. 8.28 8.10 9.01. 7.66 9.31 
Cr2ø3 0.82 0.13 0.13 0.13 0.16 0.10 0.06 
Fe2 03 1.98 - 3.82 1+.97 
FeO 03 L.I+5 1..28 2.3&0(I+.16) 1+.35 3.21 1..39 
14g0 17.59 13.61+ 13.91 13.94 13.09 13.75 12.10 
Mno 0.07 0.10 0.20 0.16 0.19 0.11 0.10 
CaO 21.1.2 20.06 19.10 19.82 19.61 17.16 16.53 
Na.,0 0.90 1.53 1.81 1.90 1.63 2.17 2.69 
0.05 0.05 0.05 0.05 0.05 - 0.01 
N10 - - - - - - 
Total 99.96 100.38 100.10 100.20 100.33 98.27 100.1.5 
Clinopyroxene end-members mole % mole X mole X mole % mole % mole % mole % 
Acuite (NaFe 01206) 0.00 0.00 0.00 5.39 0.00 10.66 13.67 
Sodahroce (NaCrSI 206) 2.20 
0.37 0.37 0.37 0.1+6 0.29 0.17 
Jadeite (NaA1S1206) 3.91+ 10.63 12.56 7.79 11.36 + .65 5.27 
T1-Tschermak (CaTIA1206) 0.13 0.82 1.23 1.17 0.88 3.26 
Ferritseharmak (CaFeA1Si06) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca-tschertsak (CaAI2SIO6) 9.09 11.50 10.16 12.20 12.98 11.15 12.81 
Wollastonite (Ca25j206) 343 32.86 31.37 31.70 31.59 26.87 23.65 
8r.statita (M92 Si20 6 ) 1.4.49 36.90 37.52 
37.55 35.76 37.98 32.95 
Ferrocilite (?e 2 31206 ) 5.82 6.91 6.79 3-af 6.96 5.15 6.86 
wt °h vt% wt% wt% vt% vt% vt% 
13aAl2S106 
10.1+9 14.29 13.00 15.11. 16.31 11. .92 18.74 
Ca}l112 06 	MgSiO3 	Ca.A123106 
loom gS10 3 
21.56 9.21+ 14.52 13.1+0 9.61k 2 7.3 6 25.01. 
(C&131206+MsI03. Ce12SI06 I 
U 
. 
TABLE D. CONTD. 
Cflnopyroxenes from Salt Lake Crater and Beni Bouchera. 
Specimen Cpx in gont- 
websterlte (68SAL-24) 
Cpx in 	arr't- 
websterite (685AL-26) 
Cpx in othopyroxcne.. Cpx in garnet- 
websterite 
Cpx in epinel- 
tharzolite 
Cpx in spinel- Cpx in g an.'t- 
Salt Lake Crater Salt Lake Crater 
eclogite 





Salt Lake Crater Beni Bouchera Beni Bouchera Bent Bouchera 
Reference Beeson and Jackson Beeson anti .ackson Yoder and Tilley (1962) Kuno (1969) Kornprobst (1969) Kornprobct (1969) Kornrobst (1969) (1970) (1970) 
1.19 50.46 50.85 51.35 50.70 51.76 49.40 
T102 0.57 0.87 0.78 0.50 0.28 0.16 0.48 
A120  8.0 8.39 7.41 7.20 4.90 4.99 9.62 
0.7 0,32 0.39 0.36 1.15 0.92 0.25 
FO,03 2.20 3•45 2.19 2.07 1.37 1.80 1.23 
FeO 3.26 3.41 + .o, 4.99 1.61 1.59 5.97 
MgO 13 .94 13.69 15.13 13.30 15.90 16.55 13.35 
0.10 0.13 0.13 0.12 0.06 0.15 3.21 
350 19.15 18.20 17.37 16.8. 22.26 20.76 18.05 
Na00 1.96 2.15 1.84 2.95 2.60 1.34 1.80 
K,0 - 0.01 0.01 - - 0.01 0.01 
SiD - - - - - - - 
Total 101.24 101.05 130.12 99.68 100 . 8 3 100.03 100.37 
Cltnops'roxene end-rneabqa viola y. mole Y. mole ;e mole Y. molaX mole X mole >' 
Acaite (NaFeSj206). 5.94 9.36 5.96 5.58 3.42 4.82 3.31 
Sodachrome (NrS1.206) 1.33 0.91 1.11 1.02 3.01 2.59 0.71 
Jadeite (Na1lSj206) 6.36 4.80 5.87 13.88 10.27 1.88 8.51 
Ti-Techerinak (CaTLA1206 ) 1.51. 2.36 2.12 1.35 0.70 0.1+ 3 1.29 
Ferritschermak (CeYeAlS106) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca-Tschermak (CaAl2St06) 13.01. 13.07 10.73 6.91 3.7L 9.09 11.74 
Wollagtonite (Ca 2Sj2O6) 29.50 27.1.4 27.20 28.16 37.30 34.75 26.59 
Enetatite (Mg2St2 06 ) 37.25 36.77 I+0.7.4 35.1.7 39.26 1+3.8+ 35.60 
Ferrosilita (Fe 2 St. 2Q6) 5.014 5.29 6.27 7.65 2.31 2.59 9.25 
1000 eAt-. 5 106 
vt v wt V. wt Y. 
 
wt% wt'/. wt  
-. 16.56 17.16 13.89 9.93 4.69 13.51 .19.1+4 
CLS1.206 * MSt0 3 * CaAl2S 106 
l00MC103 
18.1+8 22.60 32.215 19.32 14.54 19.38 21.68 
Ca,MgSI 206. 4gt03 . CaAl2SI06 
t:' 
0 
TABLE D. CONTD. 
Cinopyroxenes from Beni Bouchera and Ia Rondo. 
$cien Cpz in garnet- Cpx in garnet- Cpx in Oltvine-!pin.1- Cpx 1.n gabbro Cpx in Olivine- Cpx in o].ivino- Cpx in olivine 
wgbgterite p1agicc1ae-pyroxenite plagtoclaae-pyroxenite (R-183) gabbro (R-322) gabbro (R_31+9) gabbro (8-31.3) 
(146-129) (R-)27) (8.251) Serranla do l.a Sorrana do In Serranja do Is Srranja de In  Beni Bouchera SerrariSa do Is Ronda Serranla do Is Ronda Ronda Ronda Ronda Ronla 
Reference Kornprobst (1969) Dickey (1970) Dickey (1970) Dickey (1970) Dickey (1970) Dickey (1970) Dickey (1970) 
Sb2 50.1+ 7 1+7.96 1+7.1.3 50.31+ 53.80 51.48 53.12 
T102 0.18 1.32 1.52 0.1+7 0.80 0.19 0.13 
L12 03 11.30 7.91 7.88 6.1+7 3.65 3.21+ 1.91 
Cr2 0 3 0.1+1+ 0.10 0.0l 0.20 0.59 151+ 0.66 
Pe20 3 0.72 1..79 4.21 2.38° 0.00 ° 0.00 2.01 
Too 3.00 4.16 ' (8.47) 1.71+° 1+.38° (6.52) 2.60 ° (2.60) 2 77 (2 77) 2.1.1.. (l+.22) 
MgO 10.32 13.00 13.87 11+.58 16.].] 17:50 17.20 
.0 - 0.15 0.19 0.23 0.10 0.10 0.18 
C 5 21.1+0 19.39 21.09 20.90 21.73 22.50 22.38 
NO2 
0 2.01 1.31+ 0.95 0.70 0.52 0.56 0.37 
- 0.00 0.00 0.00 0.01 0.00 0.00 
Rio - - - - - - - 
Total .84 1.00.1.2 98.92 100.65 99.91 99.88 100.37 
Clinopytoxena .fld-oelIlberB aolo% aole% iaole% mole% moleS aola% *1 moto% 
Acailte (llaNaSt206 ) 2.02 9.60 6.81+ 1+.96 0.00 0.00 2.62 
Sodachroe (l1rS1206) 1.29 0.00 0.00 0.00 1.75 l+ .29/O.00 0.00 
Jadeite (NeAISI206) 1.1.19 0.00 0.00 0.00 2.07 -0.46J3.83 0.00 
TI-acbormak (CaiA1206) 0.50 3.67 1+.23 1.29 2.25 0.50 0.36 
1srrit1ermak (Ca7eL1S106) 0.00 3.72 4.92 1.59 0.00 0.00 2.91 
Ca-lachernak (CaAj2St06) 1.8.69 11.70 1.0.54 11.85 1+.76 6.14 6 2.31 
ljollaatonito (Ca23i206) 33.05 28.8 32.09 33.56 1+0.04 39.01 1+1.02 
Enotatite (1g2S3206) 23.60 35.80 36.37 39.70 41+.90 1+5.97 1+6.83 
?erro,iIlte Oft 2 i206) t. .67 6.66 3.00 7.05 4.23 1+.23 3.96 
wt% wt% vt% wt% t% vtfl 
100a.1120106 
21.82 15.70 1.3.21+ 14.40 5.37 7.16 3.63 
CeR65i206.11gStO3 . CaA3.$106 
130lg]iO 3 
0.00 1.7.16 14.50 11.88 1.0.08 11.13 12.92 
Cr.Rg0i206. Rg3iO 3 . CnA15106 




TABLE D. CONTD. 
Clinopyro*onos from Horoman and Australia 
Cpx in p1aioe1..se- Cpx in pyroxene Cpx in pyrox.ne Crx in pyroxene Cpx in pyroxon.' Cpx in aniitq Opx in garne t- Cpx Cpx ln. ~ arr..t- Sp ecimen  Th.'r:olite (H( 32) granulite (CP18) granuilte (CP112) gr.r.ullte (CelLo) rr.illt. 	(CP698) (R391.) w,b.rjt. (69-27) ?n.t-w-rttt -e,rrt- (32L'32) 
F.orolan Delegate Delegate Delegate D elegate De1egtc 3jC5te (67.31.) iicri 
Japan Australia Australia Australia AUStt'1u19 Aurtr3lta Australia Victoria 	Australia 
Reference 0nuct (1965) tov.rtng and Lo7ening and 
Lvertng end ..OJering an d Lovrthg and Irving (197..) Irving (lfll.) Iriir.g 	(1971) 
Wbtte (1969) White (1969) White (1969) htte (1960) Whit.' (1969)  
51.67 50.57 50-73 48.7.4 50.91 52.02 51.1.0 149.80 51.90 
113 
 0•'3 0.29 oat 0.52 0.142 0.80 0.53 1.10 
2 4.04 3.86 6.4 5 6.72 4.16 6.59 5.51 7.30 7.20 
Cr0 1.01 0.02 0.068 0.067 - - 0.61 - 141475 
- 
0.91. 2.19 1.62 0.57 3.56 - 1.00 2.55. 
0.21 (2.50) 
?e5 2.22 6.13 5.143 10.89 
5.148 	(8.68) 3.48 2.90 5.?8(9.30) 
MgO 16.53 15.54 12.03 11.25 
114.13 15.28 16.07 12.10 1,.00 
MnO 0.09 0.09 0.11, 
0.25 0.22 0.27 0.08 0.22 0.05 
CaO 	' 22.15 21.00 22.18 20.1.5 
21.32 20.09 21.06 17.90 21.60 
Na20 0.59 0.69 1.03 
0.83 0.62 1.28 0.95 2.30 1.70 





















Clinoey'roxQne end.ebers mole ' 	mole % mole mole V. sole V. aole% mole V. sole V. 
mole X 
Aesite (l1aeSt,06) 2.57 4.96 14.52 1.57 14.68 - 2.70 12.31 6.87 
Soehroie (NacrSi2O6) 2.90/0.00 0.00 0.20 0.19 - - 1.73 n 	- - 
Jadeite (NaA1.3i206) -1.29/1.61 0.00 3.16 14.22 0.00 9.02 2.23 14.01 14.93 
Ti-Tscherak ('aTiAL,06) 0.63 	. 0.78 0.59 1.143 1.15 2.19 1.1+3 3.03 1.45 
Ferritsehersak (taPoA1006) 0.00 0.87 0.00 0.00 5.13 0.00 0.00 0.00 0.00 
Ca-Tscheiak (CaAl2Si36) 8.66 6.91 ' 	11.92 10.95 6.21 7.1.2 9.13 ' 	11.79 11.28 
WollastoMte (Ca23106) 39.1.2 35.88 37.77 33.90 35.56 314.30 35.27 21.147 35.06 
Enstqtie ( Mr  1.14.61 
1.1.33 3 3.21 30.68 38.54 1.1.37 ' 	1.3.03 	, 32.98 1.3.02 
Lerrosilite (Fe 2i206) 3.51 9.27 8.63 17.05 8.73 5.70 14.1+ 8 9.141 0.39 




9.55 8.33 13.51 114.51+ 7.80 7.144 10.58 11.60 11.35 
7g3i2 3 	•Y.5iO 3 . CaAl2Si3 
130M3t33 12.59 12.10 0.00 0.00 6.90 13.06 16.56 9.99 9.18 
• Yg3i3 3 • CA125i0 
1 	,rss' t.lc.ilation rl',aa n.nive 3aleite 
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STABILITY FIELDS OF PLAGIOCLASE- AND SPINEL-LHERZOLITE 
C. T.HERZBERG 
The A1 20 3-rich phase co-existing with olivine and two pyroxenes in 
anhydrous ultrabasic magnesian assemblages varies with the mineral facies 
(O'Hara. 1967a, b). The alternative appearance of plagioclase, spinel or 
garnet in lherzolite defines the mineral facies. The spinel–garnet peridotite 
boundary has been extensively studied. Less information has been provided 
on the plagioclase–spinel lherzolite reaction. In the simplified four component 
system CaO–MgO–Al 20 3--Si0 1 , this boundary is defined by the reaction:-
anorthite + forsterite=aluminous diopside + aluminous enstatite + spinel and 
this is the simplest system capable of showing the desired reaction. Com-
ponents such as FeO, Fe 20 3 , Cr20 3 and Na2 0 will influence the position of 
the boundary. Their effect will be studied later, following Emslie (1970) and 
Green & Hibberson (1970). 
The determined facies boundary can be used to: 
predict the thickness of a plagioclase-peridotite layer in the upper 
mantle below oceanic crust, and evaluate explanations of the low density 
region below mid-oceanic ridges, 
decide whether or not a thin zone of plagioclase peridotite exists below 
continental crust of a given thickness, 
evaluate possible chemical control of the thickness of this horizon, 
4) decide whether or not there will be a garnet-plagioclase-spinel peridotite 
"triple point" at about 800°C as suggested by Kushiro & Yoder (1966) 
such that a direct transition from plagioclase to garnet lherzolite would 
occur in the continental crust. 
(5) determine the environment of spinel-pyroxene symplectite formation in 
basic and ultrabasic rocks. 
The present experiments were performed in solid-media piston-cylinder 
apparatus and in gas-media apparatus. 
The starting material was a synthetic mixture of previously prepared and 
crystallized gels of forsterite and anorthite in molecular proportion 21 : 1, 
plus an equal weight of a mixture of diopside, enstatite, spinel and excess 
forsterite in the ratios I : 2 (MS) : 1 : 01. This spinel-lherzolite component 
of the starting material was crystallized in the F solid media assembly at 
10 kbars and 1200°C for use in runs at, or above, that temperature and at 
10 kbars and 1000°C for lower temperature runs. 
This starting material was loaded in unsealed platinum tubes, dried in a 
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nitrogen furnace (except for use in runs at less than 1000°C) sealed, and dried 
again with the " furnace assembly. Piston-out procedures and run durations 
between 15 and 28 hours were used. 
Several X-ray criteria were used in determining phase growth and decay. 
Observed peak height ratios in starting materials were:— 
'2T0 anorthite = 049±002 1. 	
1311 spinel 
112,  diopside = 270±010 
1220 anorthite 
1130 forsterite = 100±o10 
1311 spine! 
Runs in which ratio I changed to less than 025, ratio II to greater than 
3•5 and ratio III to less than 050 were accepted as lying in the spinel lherzo-
lite field. Runs in which ratio I changed to greater than 075, ratio II to less 
than 20 and ratio III to greater than 1-5 were accepted as lying in the 
plagioclase lherzolite field. A strong peak of En 420 , which is hidden by an An 
peak of the starting material, is seen in runs in the 2Px-Sp field. 
Some observed peak position changes of diopside are given in table 19. 
Table 19 
FACIES 
Initial unreacted crystallized 
gel-I atm. 1200°C 
Plagioclase fades 
Spinel facies 
MAJOR DIOPSIDE PEAK POSITIONS 
20 2 21 	2983° 
	
Doublet at 
20 310 3026° 3515/3562° 
29-84<28 21<2989 
	





304229 310°30-56 3514/3562/3595° 
These properties were used in confirming the direction of the reaction in 
low temperature runs where reaction rates are slowest and where changes 
in peak height ratios are less pronounced. 
Diopside 20 221 vs 310 values of 26 runs have been plotted on a pro-
visional diopside molar composition grid (Rept. 1, p.  100). There appears to 
be significantly more A1 20 3 dissolved in the diopside recovered from runs on 
the high pressure side of the facies boundary. 
Results of these experiments are shown in fig. 60 and compared with 
interpretations by Kushiro & Yoder (1966), Emslie (1970), Green & Hibber-
son (1970) and Green & Ringwood (1967) in fig. 61. The slope of this reaction 
boundary is parallel to the temperature axis. The reaction will proceed at the 
determined pressure of 86 kbars regardless of the temperature. 
The +I kbar displacement of Emslie's (1970) results shows an increased 
stability of plagioclase-lherzolite with sodium and iron as added components 
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FIG. 61. Plagioclase-spinel boundaries compared and three mineral facies 
shown. 
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The plagioclase- to spinel-peridotite transition probably occurs at a 
constant depth of about 26 kilometres in the earth, independent of variations 
in geothermal gradient. Emslie (1970) and Green & Hibberson (1970) have 
shown that this depth may be controlled by compositional variations. If it is 
correct to assume a certain degree of chemical homogeneity in the uppermost 
mantle, then a plagioclase peridotite zone should be c. 16 kms. thick below the 
oceanic crust and pinch out near subcratonic margins where the continental 
crust exceeds 26 kilometres in thickness, again irrespective of geothermal 
gradient. This is similar to the conclusion arrived at concerning the constant 
depth of the spinel to garnet-peridotite transition in regions of normal geo-
thermal gradient. 
No plagioclase-spinel-garnet-lherzolite triple point is likely to exist 
(fig. 61). 
Symplectite corona formation along plagioclase and olivine crystal 
boundaries in basic and ultrabasic rocks indicates a rise of pressure, not 
isobaric cooling. 
TEMPERATURE AND PRESSURE CALIBRATION AND 
REPRODUCIBILITY OF PRESSURE IN SOLID MEDIA EQUIPMENT 
C. HERZBERG AND M. J. O'HAltA, 
Studies in piston-cylinder equipment may be carried out to define the form 
of the phase equilibria diagram at some high pressure and temperature in 
order to predict the type of process which can occur at depth. The accuracy of 
pressure and temperature measurement is not then of prime importance, 
provided calibration against readily checked equilibria is carried out. Studies 
on the form of relationships along the diopside—pyrope join (O'Hara & Yoder, 
1967), involving determination of the melting relations of diopside and 
pyrope are an example, as are the interpretations of varying extent of primary 
phase volumes with changing pressure in basalt, and peridotite systems 
(O'Hara, 1968). 
The equipment is also used to determine univariant or pseudo-univariant 
subsolidus reaction boundaries in synthetic and natural systems. Application 
of the results to geological problems generally involves translation of ap-
parent experimental pressures into equivalent depths of lithostatic cover. 
Where extrapolation from the data points has been carried out, the accuracy 
and precision of reported pressures and temperatures is paramount. 
Calibration of temperature has been carried out by redetermination of the 
melting point of pure diopside at 225 kbars, (O'Hara et al., 1971) and 10 
kbars. 
Interlaboratory comparison of pressure has been carried out by bracketing 
the quartz-coesite inversion at 1100°C, 33 ± 1 kbar and by a redetermination 
of the kyanite-sillimanite equilibrium between 900° and 1450°C (O'Hara 
etal., 1971) previously determined on the identical starting materials both by 
the same technique, and in hydrostatic pressure media, at the Geophysical 
Laboratory, Carnegie Institution of Washington (Richardson etal., 1968). The 
comparison also demonstrated absence of any instrumental effects giving rise 
to spurious curvature of linear relationships. 
A further direct comparison of nominal pressures in the solid-media 
apparatus with those in internally heated gas apparatus was made on the 
univariant, nearly temperature independent reaction of plagioclase-lherzo!ite 
to spinel-lherzolite in the system CaO—MgO—A1 20 3—Si02 . Reversal of this 
boundary was obtained in the internally heated gas apparatus at 1100°C, 
8•6±015 kbars. In solid media equipment using piston-out technique, this 
same boundary was reversed at 1100°C, 89 ± 02 kbars. A friction correction 
of - 03 ± 0.35 kbars (-3.4±3-9%) should be applied to the nominal piston- 
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out pressure in the solid media device to attain hydrostatic pressure (as mea-
sured by calibrated manganin gauge). 
In 20 runs close to the boundary, maximum pressure overlap between 
contrasted results at c. 89 kbars was less than 02 kbars, indicating good 
reproducibility of run conditions in this pressure range, similar to that evident 
at 20 kbars (O'Hara etal., 1971). 
